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Abstract 

A number of portal RC structures made of precast RC members (PPRC frames) have 

shown poor performance under strong earthquake ground motion. In particular, PPRC 

framed buildings with simple connections where beams sit on top of columns have 

experienced total collapse due to loss of seat. This research presents a feasible solution to 

enhance the seismic response of the above frames. Low cost yield devices of C shape    

(C-devices) are incorporated in a non-invasive fashion around the beam-to-column joints 

in order to introduce additional sources or hysteretic energy dissipation that lead to 

significant reductions of drift and residual displacements with minimum increase of base 

shear. 

A number of analytic models are studied in their original and upgraded conditions to 

evaluate the efficiency of the proposed retrofitting technique. The behaviour of PPRC 

frame models with pinned joints at the beam- column connections is covered in the study. 

The limit of efficient device strength (LEDS) is derived to ensure device activation as a 

result of the formation of plastic hinges at column bases of the above frames. Nonlinear 

inelastic models of these frames in their original and upgraded states with device strengths 

tuned at the LEDS are subject to the action of the 7 natural accelerograms scaled to three 

levels of seismicity.  

The applicability of the C-devices for a wide range of existing PPRC frames (used in 

industrial facilities) for different combinations of seismic detailing, gravity load levels 

and seismic actions were studied. In these analyses, the C-devices are modelled using 

equivalent inelastic springs with strengths calibrated at the optimum device strength 

(ODS). Special attention is given to the modelling of the connection between the beam 

and the columns in order to estimate the frictional slippage between the beam and column 

surfaces in contact. Other mechanical phenomena such as the pounding between beam 

and column surfaces in contact when gaps in connections close are also accounted for. 

Results indicate that the suggested retrofitting technique offers an effective economic 

alternative to reduce damage and/or to avoid the seismic collapse of PPRC framed 

buildings. 

Complementary work aimed at visualizing the behaviour of the C-device in detail using 

an elaborate 2D finite element (FE) model accounts for the frictional forces developed 

between the steel plate and the bolts used to connect the C-device to structural members. 

The above 2D analyses also allow the visualization of the inelastic regions of the device 

where energy dissipation is expected to occur across the device. Furthermore, to assess 

the inelastic response of the C-device, monotonic and reversed cyclic tests were also 

conducted for different geometries of the C-device considering the effects of heat 

treatment and laser cutting. 
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1 Chapter 1… 

 

 

 

Introduction 
 

 

 

1.1 Introduction 

Following the 1999 Marmara earthquake in Turkey, a study indicated that 500 building 

collapses occurred due to the poor seismic design of the structures (Arslan and Korkmaz, 

2007). Additionally, a recent assessment of 6,700 structures reported by Bournas et al.  

(2013b) following the 2012 Emilia-Romagna earthquake in Italy, indicated that only 37% 

of the structures remained suitable for habitation after the earthquake while the rest were 

partially or completely unsuitable. Some of these recorded building damages were 

associated with existing portal RC structures made of precast members (PPRC frames) 

with simple connections at their beam- column connections. Typical details of the style 

of collapse of PPRC frame of industrial buildings after a major earthquake in Italy are 

shown in Figure 1.1. 

Arslan et al.  (2006) studied several structural damages and failure patterns of existing 

PC industrial structures after a major earthquake in Turkey in 1999. Their study focused 

on PPRC structures. The recorded damages were associated with poor seismic 

performance of existing PC structures, in particular at their beam-column connections. A 

similar scenario was observed by Liberatore and Sorrentino  (2013) in Italy following the 

Emilia-Romagna earthquake of 2012. Their study indicated that a number of PC industrial 

structures in the affected area had suffered severe structural damage. It has been also 

observed that a lack of sufficient anchorage between the beam and column results in loss 

of seat (see Figure 1.2) and subsequent collapse to the floor (Belleri et al., 2015a). Some 
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of the observations include damage at the PC column bases but mostly at the PC beam-

column connection regions (e.g. Figure 1.2).  

It is clear from the above discussion that connection damage may lead to the collapse of 

the structure during earthquake ground motion (EGM). This means that a temporary 

support to protect existing PC structures from an EGM, such as from a retrofitting 

technique which adds hysteretic energy dissipation devices to the PPRC frames, should 

be considered as an idea worth of study. 

 

Figure 1.1. PC Industrial structure collapse due to the 2012 Emilia-Romagna earthquake, 

(Magliulo et al., 2014). 

 

Figure 1.2. (a) Movement of the PC elements at the roof level (b) connection failure caused by 

the loss of seat from the top of column observed during the 2012 Emilia-Romagna earthquake 

(Bournas et al., 2013b). 

(a) (b) 
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1.2 Retrofitting technique using hysteretic energy dissipation devices 

In the past, retrofitting techniques to protect existing structures from damage due to EGM, 

such as hysteretic energy dissipation devices (HEDDs), which are applicable to reinforced 

concrete RC framed structures, have been proposed. HEDDs have been incorporated with 

steel bracing systems to improve the resistance of these structures to earthquakes in recent 

times (Whittaker et al., 1991; Perry et al., 1993; Tsai et al., 1993; Martinez-Rueda, 2000; 

2004). HEDDs have been widely researched and implemented in existing PC structures. 

An example of one of these applications is the installation of yield E-devices, which have 

been used in several PC structures such as the Mortaiolo bridge in Italy (Mezzi and 

Parducci, 1992). C-devices made from steel plates are another instance of yield HEDD 

incorporated in the Cromwell Bridge, New Zealand (Skinner et al., 1993). 

Retrofitting techniques to protect PC portal frames of the industrial structures have been 

suggested (Martinelli and Mulas, 2010; Soydan et al., 2017). An example of such a 

technique applied to RC buildings is the local incorporation/ low invasivity of HEDDs 

(Martinez-Rueda, 1998a), which adds a device at the member regions around beam- 

column connections. The local technique has been proved effective in reducing the 

vulnerability of the PC structures by introducing significant hysteretic damping as the 

structure responds to seismic excitation. In spite of the capability of these techniques for 

improving the seismic performance of PPRC frames, a more elaborate study to assess the 

effectiveness of the local incorporation technique is needed. This study should also take 

into account the effects of the frictional behaviour between the beam and column surfaces 

at the contact region where the PC beam sits into the columns.  

Furthermore, there is need to develop an efficient technique for PC industrial structures 

that will take into consideration the high costs of using advanced technology and 

sophisticated materials to ensure the relative ease of construction and installation. In 

addition, the retrofitting of existing PPRC- framed structures remains an active research 

area. 

Considering the limited availability of retrofitting techniques on PPRC frames in 

industrial buildings, this study intends to provide a new retrofitting technique by 

undertaking the implementation of C-device (Martinez-Rueda, 2004) as a local 

incorporation technique. In the past, this C-device has been developed and tested as 

installed into a bracing system connected to a framed structure with satisfactory results 
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in terms of protecting the framed structure from damage. Nevertheless, there are limited 

studies on the effectiveness of this device when used as a technique of local device 

incorporation at the PC connections in PPRC- framed structures. Furthermore, there are 

few detailed studies on the performance of the C- device itself in terms of FE analysis 

with experimental validation. This also informs the need for this research project. 

The present study focuses on the development of the C-device as a retrofitting technique 

to provide seismic protection of PC industrial buildings in a low invasive fashion.  

 

1.3 Research aim and objectives 

The aim of this research is to investigate the potential of a new retrofitting technique of 

low invasivity to improve the seismic performance of existing PC framed structures. The 

technique relies on the local incorporation of C-devices made of mild steel and is expected 

to provide a reliable practical solution of low cost to reduce earthquake damage.  

To achieve the above aim, the following research objectives are established: 

1. To identify in the literature a number of existing PC structures vulnerable to collapse 

as a result of EGM. 

2. To conduct FE analyses of the C-device to study in detail the effect of the geometric 

parameters on its dissipation and deformation capacity. 

3. To study the effect of heat treatment on the performance of the device based on 

laboratory experiments conducted under monotonic and reversed cyclic loading. 

4. To calibrate a uniaxial equivalent inelastic spring that effectively reproduces the 

expected hysteretic response of a C-device. The characterization of the properties of 

an equivalent spring is supported by both, a number of finite element (FE) analyses 

of a family of C-devices and by experimental validation. 

5. To develop a simple calibration criterion to define the limit of efficient device strength 

(LEDS) and the optimum device strength (ODS). It is expected that devices calibrated 

in this way will not induce an undesired brittle behaviour in the upgraded PPRC 

framed structure. 

6. To develop a nonlinear FE model in 2D that is able to capture the frictional behaviour 

caused by the interaction between the PC beam and columns to improve the quality 

of the adopted analytical tools. 
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7. To investigate the performance of PPRC structures in their original and upgraded 

states by the means of parametric studies (using nonlinear inelastic analysis 

techniques). 

 

1.4 Outline of the Thesis  

Chapter 2 focuses on the seismic performance of the PC industrial structures made of 

PPRC frames. A general discussion is firstly made on the frame layout of the PC portal 

frames and also their connection types. Subsequently, the vulnerability of the PC portal 

frames against EGM. A number of factors affecting the degree of damage to the PC 

buildings are also briefly discussed. An overview on some of the retrofitting techniques 

currently available is provided in the final section of this Chapter. 

In Chapter 3, a summary is presented of the available technology for HEDDs, in particular 

yield devices. A brief description of retrofitting technique of low invasivity in their local 

and incorporation style is also given. 

Chapter 4 summarises the nonlinear approach and analytic tools used to simulate the 

inelastic response of the PC portal structures and the C-devices to be able to assess the 

strength and ductility of these framed structures. 

Chapter 5 describes a new application of C-devices for the seismic retrofitting of PC 

structures. It also provides FE models to study the C-device alone and the C-device at 

member and structure level. Chapter 5 also introduces the methodology used to calibrate 

the properties of equivalent nonlinear inelastic springs that reproduce the expected 

hysteretic response of C-device. A refined nonlinear FE model in 2D that accounts for 

the behaviour of the frictional joints of the PC structures is also given in the final section 

of this chapter. 

Chapter 6 develops an elaborate FE model to allow for the visualisation of the inelastic 

regions of the device where energy dissipation is expected to occur. The model also 

accounts for the friction forces developed between the C-device and its connections. 

Chapter 7 focuses on the testing of the C-device under monotonic and reversed cyclic 

loading. In this chapter a brief study on the effects of heat treatment and laser cutting on 

the mechanical properties of the mild steel used to fabricate the C-device are also 

included. The verification of the numerical models in terms of the cyclic response and 
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extension of the yielding region of the C-device based on the test results is also included 

in this chapter. 

In Chapter 8, a large number of nonlinear seismic analyses, which evaluated the efficiency 

of the proposed technique, are conducted on a family of regular existing PC portal frames. 

Comparison of results for different approaches to model the beam- column joints was also 

included.  

Chapter 9 provides the concluding remarks of the present research, and recommendations 

for future work are also given. 
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2 Chapter 2 

 

Vulnerability and available retrofitting techniques of precast 

concrete framed structures to seismic action 

 

 

2.1 Introduction 

Portal frames made of precast reinforced concrete members (PPRC frames) are largely 

adopted for industrial buildings, particularly in Turkey and Italy. Several advantages have 

favoured this type of the structures. The major advantages include the possibility to cover 

large areas due to the use of prestressed PC beam, speed of erection and high quality 

control. A study of Palermo et al.  (2007) mentioned that in Italy and South Europe 80% 

industrial buildings are built with precast concrete and are characterised by one storey 

hinged frames. Single-storey PC industrial buildings are also considered the major portion 

(66%) of the overall population of industrial buildings constructed in Denizli, Turkey 

(Senel and Palanci, 2013). These buildings are typically not designed assuming the 

monolithic frame arrangement that is typical of cast-in-situ concrete structures. Beam-to-

column connections are designed for transferring shear only (hinge) and not providing 

supplemental dissipation energy (Palermo et al., 2007; Belleri et al., 2015a). The 

dissipative zones of the structural system are located at the bottom of columns, near the 

foundation, where a plastic hinge is expected to develop when an earthquake occurs. 

Therefore, a number of these existing buildings have shown poor seismic performance 

under strong earthquake motion.  

In this chapter a brief outline on the seismic performance of existing PPRC frames is 

presented to lay the foundation for deeper insight into seismic retrofitting of PPRC 

frames, which represents the main focus of the present study. The literature review on the 

seismic performance of existing PPRC frames has been organized according to the 

approach adopted by the researchers namely, column damage, foundation pocket damage, 

beam- column connection damage and damage to entire PPRC frames. A number of 

factors affecting the degree of damage to PPRC structures are also briefly discussed. 

Finally, a number of retrofit techniques to improve the seismic performance of PPRC 

structures are also presented in this Chapter. 
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2.2 General features of PPRC frames 

In this section a brief review of the characteristics of PPRC frames was outlined to provide 

a basis for assessing seismic risk and for estimating a structural response of PPRC 

structures. These frames can be constructed as beam-column subassemblages comprised 

of PC columns and PC beams, as shown in Figure 2.1.  

Figure 2.2a shows the most common assembly of PC beam-column connection used for 

the construction of PPRC structures. This connection is characterised by the use of a long-

span PC beam, supported over PC columns at the contact zone. The use of a long-span 

PC beam is to provide large open spaces needed for PC industrial buildings. For example, 

prestressed I-beams or T-beams beams (Figure 2.1) are generally seated directly at the 

top of the column using a column pocket (Figure 2.2a). This allows ease of erection and 

aids transfer of the vertical shear from beam reactions. Further information on using 

different types of PC beams can be found in Bachmann et al.  (2011). 

The PC beam-column connections using a horizontal or vertical dowel between their 

members is usually the preferred choice because it is easy to design and construct (Elliott, 

2002). The PC Columns of PPRC frames must be designed as moment resisting by fixing 

their bases (Simeonov et al., 1985). In fact, the dissipative zones of the structural system 

are located at the bottom of columns, near the foundation, where a plastic hinge is 

expected to develop when an earthquake occurs. This can be achieved by using a 

foundation pocket at the column bases as shown in Figure 2.3. However, a column 

inserted into a pocket requires an adequate pounding between the pocket and the end of 

the column via either shear- friction (e.g. Figure 2.3a) or filled with grout (e.g. Figure 

2.3b). The former type presented by Blandon and Rodriguez  (2005) is an example of the 

representative pocket system that provides a fixed base. Test results conducted by 

Blandon and Rodriguez  (2005) also indicated that this type of pocket behaved as a fix 

foundation without visible cracking. It should be noticed in some cases, the beam-column 

connections are designed to provide the frame with rigid joints (e.g. Figure 2.2b). 

However, a higher degree of constraint between the PC beams and PC columns, which 

can be given in-situ, would require a costly supplement of work, thus reducing the 

advantages of using of PPRC frames.   
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Figure 2.1. Typical of a PC portal frame with connections (Andreazza, 2008). 

 

 

(a) beam-column connection           (b) Fix beam-column joints 

Figure 2.2. Typical beam-column connections (du Béton, 2008) 

 

 
(a) foundation pocket with shear-friction  (b) foundation pocket filled with grout 

Figure 2.3. Examples of the foundation pocket with shear- friction (Bachmann et al., 2011) and 

column pocket filled with grout (Blandon and Rodriguez, 2005). 

PC column 

pocket 
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2.3 Typical PC structural damage caused by earthquakes 

Classifying the damage due to earthquake motion is problematic and quantifying the 

cause of damage is a considerable challenge. The reason for this is the dynamic character 

of earthquake action combined with the inelastic response of the structure during damage, 

which makes explanations using a simplified static model questionable. Nevertheless, this 

section attempts to explain the damage for structural elements and to identify causes in 

each case. The damage classification referred to the individual structural elements 

(Penelis and Kappos, 1997). The following subsections, a qualitative analysis will be 

applied with statistical data, where possible, for the behaviour of structural elements and 

buildings during earthquakes.  

 

2.3.1 PC column damage 

Damage of PC columns due to an earthquake falls into two causes: cyclic flexure under 

axial compression or shear failure under axial compression (Simeonov et al., 1985). The 

former is the most common type of structural damage observed in industrial buildings. 

This type of damage shows failure at the bottom end of columns (Figures 2.4 and 2.5). It 

occurs in PC buildings with portal frames, which are usually insufficiently braced by 

walls (Wang et al., 2009). 

It is expected that under seismic response, the combined effects of axial force (N) and a 

high bending moment (M) exert high compression strain, in particular, when long 

columns for a PC structure are used. The high bending moment combined with axial force 

leads to the local crushing of the compression region of concrete at the bottom end of the 

column. The local crushing of the compression region is demonstrated firstly by the 

spalling of the concrete cover followed by the instability of the longitudinal reinforcement 

(Park, 2003). Consequently, the concrete core expands and then crushes. The smaller the 

number of hoops in this area, the higher column vulnerability to this type of damage. 

Therefore, this type of damage is serious because it is likely that the strength and stiffness 

of the columns under reversed cyclic loading can decay extremely rapidly. Hence, 

columns can lose their ability to carry vertical loads. Consequently, the whole collapse of 

the building may occur. It seems that the dissipative zones of the structural system are 

only located at the bottom of columns, near the foundation, where a plastic hinge is 

expected to develop when an earthquake occurs.  
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This type of failure is very common: 27% of the PC buildings that were damaged in their 

PC portal frames by the 2012 Emilia-Romagna earthquake in Italy showed damage of this 

type (Liberatore and Sorrentino, 2013). The predominant reason for the destruction of PC 

framed buildings during the Marmara earthquake of 17 August 1999 was also column 

damage (Sezen and Whittaker, 2006). For example, in Italy, inadequate confinement at 

the base of the columns accounted for the failure of more than 40% of industrial buildings 

(Liberatore and Sorrentino, 2013). This is probably because the strength and stiffness of 

columns of this type can decay extremely rapidly under reversed cyclic loading leading 

to poor energy dissipation.   

 

 

Figure 2.4. Column damage due to cyclic bending moment and axial compression: (a) sketch of 

a portal frame; (b) bending moment diagram; (c) a shear force diagram; (d) an axial force 

diagram; (e) sketch of the damage. 

 

Figure 2.5. Column damage due to a cyclic bending moment and axial compression observed 

during the 1999 Kocaeli earthquake, Turkey (Park, 2003). 

 

The second type of damage is the shear damage under axial force, which is also observed 

for a number of PC buildings. Damage of this type occurred in 11% of the PC buildings 

(a) (b) (c) (d) (e) 
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damaged by the 2012 Emilia-Romagna earthquake in Italy (Liberatore and Sorrentino, 

2013). The damage mainly occurred in the weak zone of the column (Figures 2.6 and 

2.7). This type of destruction is often associated with PC buildings with portal frames that 

are braced by walls. The main reason for this type of damage is that the shear capacity is 

smaller than the flexural capacity. It also occurs in short columns or those which have 

been shortened because of the adjacent masonry construction (Bournas et al., 2013a). For 

these reasons, the failure occurs in the weak zone of the column rather than at the column 

base. Consequently, this can lead to a spectacular collapse in these types of buildings. 

 
(a)       (b)      (c)      (d) 

Figure 2.6. Column damage due to shear failure under axial compression: (a) a bending moment 

diagram; (b) a shear force diagram; (c) an axial force diagram; (d) a sketch of the damage. 

 

Figure 2.7. General view of a collapsed building observed during the 2012 Emilia-Romagna 

earthquake, Italy due to shear failure of a column (Bournas et al., 2013b). 

 

In contrast, well detailed PC columns have a large curvature ductility capacity; they, 

therefore, fail in a ductile fashion as shown in Figure 2.8. This mode of failure under 

seismic action leads to dissipation of significant amounts of hysteretic energy (Penelis 

and Kappos, 1997). Nevertheless, the problem of loss of seat at the contact region where 
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the beam seat into columns (see Section 2.3.3) against an earthquake persists. Even 

through conventional solutions (e.g. steel jacketing) are available for improving the 

ductility behaviour of the PC column involved (Arslan et al., 2006; Belleri et al., 2015b) 

, these are limited to certain column geometries and column base. Furthermore, the 

conventional techniques increased risks at the column section where the jacketing ends, 

with a generation of extra moments at the foundation. An overview of the state-of-the-art 

in conventional techniques for seismic rehabilitation of existing buildings can be found 

in Sugano  (1996). 

 

Figure 2.8. Failure of an exterior column in a PC building observed during the 1999 Kocaeli 

earthquake, Turkey (Park, 2003). 

 

 

2.3.2 Damage to foundation pocket 

In the case of foundation pocket (see Figure 2.3), however, no evidence of damage or pull 

out was observed during the 1999 Kocaeli earthquake or even the 2012 Emilia-Romagna 

earthquake which may indicate that the foundation pocket provides full continuity at the 

base of the PC column (Sezen and Whittaker, 2006). For example, Figure 2.9, from the 

1999 Kocaeli earthquake, shows that the column failed due to inadequate transverse 

reinforcement while the foundation pocket worked extremely well.   
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Figure 2.9. Failure of a column due to inadequate reinforcement details observed during the 

1999 Kocaeli earthquake (Sezen and Whittaker, 2006). 

 

 

2.3.3 Beam- column connection damage 

The Beam-column connection is a critical component, which is essential for transferring 

the load among adjacent members where the PC members are connected. The continuity 

between adjacent members is an important requirement to develop inelastic behaviour. 

When dealing with the assessment of existing PC frames or the design of ductile frames, 

the behaviour of joints under seismic action remains a contentious issue (Priestley et al., 

1999; Blandon and Rodriguez, 2005; Korkmaz and Tankut, 2005). This type of damage 

also appears quite often: 25% of the buildings whose structural systems were damaged 

during the 2012 Emilia-Romagna earthquake (Liberatore and Sorrentino, 2013). 

When a beam-column joint in a structure fails, this causes local stiffness degradation 

which results in sizable side-sway drift and a possible occurrence of P-Delta effects (see 

Section 2.4.2). Consequently, this transfers the additional load to columns, leading to 

severe damage and loss of the axial load carrying capacity (Montgomery, 1981). The 

result is a loss of support and consequent partial failure or complete collapse. A typical 

beam to column connection failure is shown in Figure 1.2.  

To preserve the ductility and strength of the bolts or dowels (see Figure 2.10), where they 

are connected at a beam-column joint, proper quality control must be ensured (Simeonov 

et al., 1985). An example is illustrated in Figure 2.10, where a joint failed in a particularly 

brittle manner. Any possibility of a stable hysteretic response under reversed cycling was 

probably minimised because the bolts were completely stripped from their threads at the 

column head. This type of joint should be much stiffer and stronger to develop the full 
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strength of the column. It is important to highlight that the case of an interior beam-

column joint (see Figure 2.10), for vertical bolts were used to provide the connection, 

which are located in both sides of column head. 

 

Figure 2.10. Failure of an interior beam-column joint due to bolt failure, observed during the 

2012 Emilia earthquake (Bournas et al., 2013a). 

 

Past research has indicated that both the ductility and energy dissipation capacity of 

concrete can be improved by providing adequate transverse reinforcement to confine the 

concrete (e.g. Paulay and Priestley, 1992). As clearly seen in Figures 2.11, the 

confinement hoops beneath the support become more important in order to resist the 

diagonal cracking and improve the bearing strength at the contact region. Otherwise, after 

a number of reversals, all sources of shear strength may rapidly decay. Consequently, the 

bolts were pushed out of the core to the loss of anchorage of the confinement hoops. More 

details about the same failure can be found in Park  (2003). 

 

 

(a)     (b)         (c) 

 

Figure 2.11. Types of failure at the exterior beam-column joints: (a) moments inducing 

compression at the inner fibre of the column and beam; (b) moments inducing compression at 

the outer fibre of the column; (c) a moment loading cycling. 

 

It seems likely that the joint can prevent out-of-plane sliding of the supported PC beam if 

the column is provided with a special pocket connection at its top, such as concrete or 

rubber, or by metal plates (Wang et al., 2009). Consequently, this column pocket can 

avoid possible distributed cracks of concrete or prevent out-of-plane sliding and 

bolt 
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overturning of the supported beam but probably not to carry seismic induced loads 

(Belleri et al., 2015a). Figure 2.12 shows an example of the failure of a column pocket 

only for the industrial building in Sant’Agostino after the 2012 Emilia-Romagna 

earthquake. 

 

(a)       (b) 

Figure 2.12. (a) Example of a column pocket used at the top of a column; (b) Example of a 

pocket connection failure (Liberatore and Sorrentino, 2013). 

 

2.3.4 PC beam damage 

Damage in supporting region of the span constitutes the most frequent type of damage 

(30%) in beams (Liberatore and Sorrentino, 2013). Undoubtedly, it constitutes a more 

serious type of damage, given its brittle character (Figure 2.13a). Damage in the tension 

region of the span also appears quite often (Figure 2.13b). This type of damage is the 

result of limited displacement at beam-column joints and lack of reinforcement in the 

concrete beam. This is the reason why the large majority of the cases of beams with this 

type of damage does jeopardise the overall stability of the structure following the 2012 

Emilia-Romagna earthquake.  

 

(a)       (b) 

Figure 2.13. (a) flexural failure on a beam span due to the loss of its support observed during the 

2012 Emilia-Romagna earthquake (Belleri et al., 2015a); (b) failure at the mid of a beam due to 

its lack of reinforcement observed during the 2012 Emilia-Romagna earthquake (Liberatore and 

Sorrentino, 2013). 
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2.3.5 Damage to entire PC industrial Buildings 

Several reconnaissance missions were conducted after the Adana-Ceyhan earthquake in 

1998 in Turkey (Wenk et al., 1998), the Izmit and Marmara earthquake in 1999 in Turkey 

(Sezen et al., 2000) and the Emilia-Romagna earthquake in 2012 in Italy (Bournas et al., 

2013a). There is evidence that several instances of damage to existing PC portal frames 

were primarily associated with poor seismic performance of PC frames and their 

connections. Figures 2.14 indicate examples of failure for industrial building with its 

original state. Observed damage of PC building (e.g. Figure 2.14) in the earthquake of 

2012 Emilia-Romagna earthquake consistently exposes the predominant sources of 

weakness and poor structural details emphasised no attention within the design process. 

For this reason great emphasis is placed in this research on the seismic upgrading for 

these type of structures.     

 
(a) Original state   (b) Collapsed 

Figure 2.14. Industrial PC buildings affected by the 1999 Kocaeli earthquake (Posada and 

Wood, 2002). 

 

2.3.6 Summary 

The review of the seismic behaviour of PC structures shows that several PC framed 

buildings with simple connections where beams sit on top of columns have experienced 

total collapse due to loss of seat. Damage of PC beam-column connections is extremely 

dangerous and it is considered to be a consequence of poor energy dissipation capacity. 

This type of damage can reduce the stiffness of portal frames and lead to their collapse.  

Generally, the vulnerability of existing PC structures under earthquake motions is 

associated with following issues:  

 loss of seat of beams. 

 damage due to the improper quality of dowel used in pocket connections. 
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 damage due to poor column confinement beneath the support of beams. 

 defective buildings configuration for seismic response. 

 large open areas with few or no interior partition walls. 

 weak pinned connections between PC elements. 

It can be concluded that the presence of conventional technique can improve the ductility 

and the strength of the PC column itself but not against the loss of seat. Furthermore, 

despite the capability of existing conventional techniques in minimizing the seismic 

vulnerability of existing PC structures, there are certain constraints, such as the extensive 

construction processes (Martinez-Rueda, 1992, 1996, 1997). 

2.4 Factors affecting the degree of damage to PC buildings.  

2.4.1 Introduction 

In the following subsections a number of factors that seem to affect the degree of damage 

to PC buildings. In fact, there is generally more than one adverse factor in a structure that 

contributes to the damage. However, the most common factors are the flexibility of PPRC 

frames due to poorly designed beam-column connections and P-Delta effects. Poor 

construction material has been considered as important factor affecting the seismic 

performance of the PC buildings.  

 

2.4.2 Flexibility of portal frames 

The flexibility of portal frames due to PC beam-column connection is a major factor 

leading either to shear failure or flexural failure at the structural element. Figure 2.15a 

illustrates two cantilevered columns connected by a beam, which seeks to dissipate a large 

amount of energy input at potential plastic hinges. This is achievable by forming plastic 

hinges at the beam-column connections and the column bases. For the PC cantilevered 

columns showing in Figure 2.15b the usual requirement is that energy dissipation takes 

place in the column only rather than in the superstructure (Palermo et al., 2007).  

The flexible structure (Figure 2.15b), which is usually preferred for PPRC frames, also 

leads to additional overturning moments due to the lateral force (𝐹). This is due to the 

fact that the axial load (𝑁) causes additional moment which has resulted in P-Delta 

effects; thus, in the simple structure, the total base moment is derived by the following 

simple equation. 

 

𝑀 = 𝐹 ℎ𝑐 +  𝑁∆                                (2.1) 
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In addition to the overturning moments produced by lateral force (F), the extra moment  

𝑁∆ must also be resisted. Hence, the displacement (∆), which can be either 𝛿1 or 𝛿2 (see 

Figure 2.15) will be increased further, particularly when the pocket support is used at the 

top height (ℎ𝑐) of the PC portal columns (Figure 2.15b)  

The best energy dissipating mechanism is when moment (m) dominates at both the top 

and bottom of the columns, and the plastic hinges form as seen in Figure 2.15a. Other 

types of mechanisms should be avoided. The mechanism illustrated in Figure 2.15b is 

probably the worst case for dissipating energy of all structural types. In this case, the 

potential plastic hinge occurs at the base of the column only due to the value of moment 

𝑀 being concentrated only at the column-foundation. In the flexible structure, instability 

resulting in collapse may occur. 

 

(a) a monolithic RC frame   (b) a PC portal frame 

Figure 2.15. Influence of the lateral load on the joints (Arslan et al., 2006). 

 

 

2.4.3 Detailing of RC framed members to achieve ductility.   

It is worth mentioning that some examples of PC industrial buildings come from a period 

(1950s to1970s) when the importance of the role of seismic design might not have been 

fully assessed (Magliulo et al., 2008). Certain buildings were designed only for gravity 

loads whilst other were designed for static earthquake loads, with no consideration of 

ductility requirements. Liberatore and Sorrentino  (2013) observed these kinds of 

conditions, following the Emilia Romagna earthquake of 2012. In their study, 

approximately 500 PC buildings in the affected area suffered severe structural damage. 

This study also indicated that most of these buildings were not designed to withstand 

seismic action because the affected area was not classified as a seismic-prone zone until 

2003. 
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Magliulo et al.  (2008) also assessed the seismic vulnerability of existing PC structures 

erected in Italy between the 1950s and the 1970s. Static and dynamic analyses were used 

to ascertain the seismic behaviour and vulnerability of PC structures under three different 

earthquake records: Imperial Valley, Northridge and Kern County. The results confirm 

observations of real events, showing sliding of the beam on the column, and then building 

failure. Furthermore, the most important factor for damage to structures is the inaccurate 

estimation of the characteristics of the expected earthquake excitation during the design 

of the structure.  

 

2.4.4 Other factors affecting the degree of damage to existing PC portal frames 

Senel and Palanci  (2013) evaluated the stiffness, strength and ductility capacity of a 

number of existing PC portal frames, which were mostly constructed in Denizli, Turkey. 

The fundamental period (𝑇1) was determined and ranged between 1.1 to 2.8 second. The 

drift ratios (∆𝑢/ℎ) were also evaluated between 3.5 to 5.5% while ductility capacity 

(∆𝑢/∆𝑦) ranged between 1.5 to 3. The terms ∆𝑢 and ∆𝑦 referred to the maximum and 

yield displacement of a PC portal frame respectively calculated at the top of column 

height (ℎ). The calculated drift ratio is much higher than the defined limit (2-2.5%) 

adopted by a number of researchers and earthquake codes  (e.g. Kappos  (1991), Penelis 

and Kappos  (1997) and Martinez-Rueda  (1997) ). 

 

2.4.5 Summary 

The following key outcomes can be outlined from the literature reviewed from section 

2.4. 

 The high flexibility of portal frames due to their poor PC-beam connection 

 The P-Delta effects are important, particularly for the case of high gravity load level  

 The existing PC structures have experienced during earthquake a high drift ratio 

which is even higher than their ductility capacity. 

2.5 Retrofitting techniques to improve the seismic performance of PC structures 

It is clear from the study of seismic performance of PC structures that their connection 

damage is extremely serious because of its tendency to cause damage to the structural 

elements of the building under earthquake ground motion. One solution that has been 

adopted to improve the seismic performance of the PC structures has been to implement 

seismic retrofitting techniques. Seismic retrofitting techniques are in fact classified as 
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global and local incorporation of hysteretic energy dissipation devices (HEDDs) into 

framed structures. Both techniques have been developed and extensively studied by 

Martinez-Rueda (1992, 1996, 1997, 2004) and still remain an open research field, with a 

broad range of applications. Local retrofitting techniques, as often called low invasivity 

techniques, are introduced by the assembly of steel links jointed by either frictional 

HEDDs or yielding HEDDs around member regions. Conversely global retrofitting 

techniques are based on incorporating HEDDs into a bracing system in both new or 

existing structures. The local techniques have been adopted in the PC structures and 

proved effective in reducing the vulnerability of the structures. A detailed review on 

global retrofitting techniques can be found in Chapter 3.  

Low invasivity techniques are to date one of the most preferred approaches in PC 

industrial structures. The main idea behind local techniques pivots around the 

minimisation of construction works and side effects of conventional retrofitting 

techniques through the strengthening of the building using steel bracing only (e.g. Sugano 

(1996) and Wang et al.  (2009)) while introducing significant hysteretic damping as the 

structure responds to seismic excitation. Most of the challenges encountered during the 

study of local techniques remain when adopting these techniques in PC connections, one 

of the difficulties is the calibration of device strength as low invasivity technique at PC 

member regions. On the other hand, to guarantee the activation of supplemental sources 

of energy dissipation, the strength of the device must be calibrated carefully (Martinez-

Rueda, 1998). 

It is important to highlight that the retrofitting technique against the loss of the seat for 

bridges may also applicable, which have also been proposed for PC portal frames. 

Nevertheless, when it comes to such a complex phenomenon like loss of the seat shown 

in Figure 1.2, the need for a nonlinear model interaction between the PC beam and 

columns where the beam sits into column pocket is crucial. The following section reports 

the contributions of different researchers according to the approach they followed to seek 

insight into the local retrofitting techniques used to improve the seismic behaviour of the 

PC structures. 

2.5.1 Strengthening of beam-column connections  

Wang et al.  (2009) proposed a technique to prevent the sliding or overturning of the PC 

beams from the PC column. As shown in Figure 2.16, the technique introduces assembly 

of steel plates around the PC connection. The roof girder and steel plates are bonded 
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together by high strength bolt connected to the PC column. This can be achieved by 

making holes through the roof girder and columns. Then, these holes should be grouted 

to reduce slip between the clamping device and the roof girder. This technique may aim 

to reduce out-of-plane sliding or overturning of the supported beams but it may not be 

designed to carry seismic induced lateral loads.  Furthermore, the study of this technique 

is also limited in sense that no tests and analytical studies were performed. 

 

 

Figure 2.16. Detail of the assembly of steel plates proposed by Wang et al.  (2009). 

Figure 2.17a shows a retrofitting technique against loss of seat proposed for PC portal 

frames (Bournas et al., 2013b). This technique was originally considered to use two cable 

restrainers located between the girders and bridge abutment (Figure 2.17b). The use of 

the cable restrainers to limit the lateral displacement at the hinges of RC bridge became 

popular in the United States following the collapse of several bridges due to loss of 

support during the 1971 San Fernando earthquake (Jennings, 1971; Jennings and 

Housner, 1973). However experimental tests conducted by Selna et al.  (1989) have 

shown that the failure occurs in the connection members rather than restrainers. 

Furthermore, several bridges with cable restrainers sustained serious damage or collapse 

and even the restrainer failure was the cause of collapse in one bridge (Mitchell et al., 

1995). Moreover, cable restrainers do not dissipate any significant amount of energy, 

since they are generally designed to remain elastic. 

As a response to the shortcomings inherent in the cable restrainers, another restrsiner, 

with a different shape, shape memory alloy restrainer bar (DesRoches and Delemont, 

2002), was developed to achieve a uniform plasticization throughout the bridge 

connection (Figure 2.18). This technique can also suggest as a retrofitting technique 

against the loss of seat for existing PC frames. However, a study is also required to 

validate the applicability of this technique for the retrofit of the industrial buildings. 
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Moreover, DesRoches and Delemont, 2002 showed experimentally that the restrainer bar 

can be easily detailed and it can reduce the potential of collapse due to unseating but the 

efficiency of the restrainer bar has not assessed under reversed cyclic load. Only the 

tension behaviour of the restrainer bar under cyclic tension load has been considered. 

Furthermore, it reported that the restrainer bar is typically used in a tension manner only 

(du Beton, 2007), means the restrainer do not dissipate significant amount of energy. 

Since they are generally designed to remain elastic (DesRoches and Delemont, 2002). 

 

(a)     (b) 

Figure 2.17. (a) PC connection with assembly of the cable restrainers; (b) RC bridge with 

assemblies of the cable restrainer device (Bournas et al., 2013b). 

 

 
 

Figure 2.18. Applications of the shape memory alloy restrainer bar used in multi-span support 

bridge at abutment and intermediate pier. 

2.5.2 Retrofitting of PC framed structures using HEDDs 

2.5.2.1 Frictional HEDDs 

Martinelli and Mulas  (2010) applied a retrofitting technique which involve the use of 

frictional HEDDs of low invasivity to improve the seismic performance of the PC 

structures. This technique was first developed for existing RC structures (Martinez-

Rueda, 1992, 1996, 1997) and later recommended to PC structures (Martinez-Rueda, 

1998a). The use of low invasivity of HEDDs, as pointed previously, has the potential to 
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eliminate the need for bracing systems. It is also more convenient to install and cost-

effective (Martinez-Rueda, 1998a; 1998c; 2000 and 2002). A more detailed review about 

HEDDs of low invasivity can be found in Chapter 3. 

  

In the study of Martinelli and Mulas  (2010), frictional HEDDs of low invasivity are 

incorporated around the connection regions of a PC frame as shown in Figure 2.19. The 

assembly of the frictional device consists of channel sections connected between them 

and to the anchoring plates by rotational friction connection as shown in Figure 2.19b. 

The connection (Figure 2.19c) consists the high strength bolt, annular brass and steel 

plates. The device strengths are described in terms of the rotational strength of the device 

with respect to the flexural capacity of the column. The device strength is calibrated based 

on the concept of plastic analysis assuming the beam-column joints as pinned 

connections. This device is one of the most reliable and economic material to be used for 

energy dissipation (Martinez-Rueda, 1997). Full details on the this device can be found 

in (Martinez-Rueda, 1997).  

Martinelli and Mulas  (2010) have observed that upgraded structures showed satisfactory 

performance with respect to maximum displacement, velocity, acceleration, and energy 

dissipation as a result of their calibration. The study also observed that both maximum 

displacement and velocity were significantly decreased by about 37% and 22% 

respectively, while there was a 14 % increase in the top acceleration of the upgrade frame 

case.  

An example of the application of the frictional HEDDs for retrofitting of a PC structure 

in Turkey is shown in Figure 2.20. Yildirim et al.  (2015) reported that the process of 

installation of these devices in both short and long directions were accomplished within 

one month with minimum disturbance in the building. 

Although, this technique confirms that the application of the HEDDs of low invasivity 

are capable of dissipating hysteretic energy while minimizing the seismic response of PC 

frames a more elaborate study to assess the effectiveness of the low invasivity is needed. 

It is important to pay special attention to the calibration of device strength to avoid the 

undesirable failure of the structure. More importantly, the frictional force exerted by the 

high strength bolt is required a lot of expertise to assess the effective force that goes to 

the device. Whereas, with the yielding devices there is no need any sophisticated 

equipment to control the strength of yielding device once the ductile steel material has 
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been tested. Nonetheless, for the PC structure with frictional joints the accurate prediction 

of the device strength in the frames can be difficult. Therefore, a study is also needed to 

assess more precisely the relative influence of the PC connections on the calibration of 

the device strengths. The study should consider the effects of the frictional behaviour 

between the beam and column surfaces at the contact region in order to predict a more 

realistic response of the upgraded structure. 

 

 

Figure 2.19. Upgraded technique of a PC structure suggested by Martinelli and Mulas  (2010) 

Friction HEDDs: (a) local incorporation; (b) front view and (c) section view details. 

 

 

(a) short (week) direction   (b) long direction 

Figure 2.20. Example of an application of the frictional HEDDs (Yildirim et al., 2015). 

 

2.5.2.2 Lead extrusion HEDDs 

More recently, Soydan et al.  (2017) proposed a retrofitting technique for PC framed 

structures based on the use of a new application of lead extrusion damper (LED). Figure 

2.21a displays the experimental model and the damper connected to the beam and column 

using assembly of anchor plates. This device was originally developed by Robinson and 

Greenbank  (1975) for retrofitting of RC structures (e.g. RC bridges). The device consists 

a thick-wall tube connected by a steel rod (See Figure 2.21b). The space between the 
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walls is filled with lead surrounding the rod, which is the main source of dissipation of 

energy. The lead absorbs energy by being extruded back and forth through orifice. A 

typical hysteretic behaviour for this type of device is also illustrated in Figure 2.21b. As 

can be seen from Figure 2.21b, the hysteretic response of this device is nearly rectangular, 

stable and unaffected by number of cyclic loads. Furthermore, the fatigue strength for this 

type of devices is not a major concern (Robinson and Greenbank, 1975; Skinner et al., 

1980b). 

The effectiveness of this damper has also been investigated experimentally (shown in 

Figure 2.21a) using half scale PC framed structure with (Figure 2.21a) and without device 

(Soydan et al., 2017). The results indicated that the relative displacement of the column 

fell by 20-50% after the insertion of an LED under shake table. In addition, the relative 

displacement between the PC members at the PC connection decreased by 50-60% after 

the insertion of the LED. 

Although the proposed new application of LED proved to be effective in enhancing the 

seismic behaviour of the PC framed structure with device, fabrication of such a device 

appears to be rather sophisticated and hence more expensive. Since LEDs are rarely 

adopted on bridges because of the possibility of buckling of the steel rod during 

compression (Skinner et al., 1980b; du Beton, 2007). Furthermore, Skinner et al.  (1993) 

reported that the high temperature can affect the performance of the device. The higher 

the temperature the more rapidly the lead will undergo recovery. This would limit the 

applicability of this of this type of device in PC framed structures when compared with 

available HEDDs with simpler designs. 

 

(a)      (b) 

Figure 2.21. (a) new application of LED installed at the PC beam-column connection; (b) with 

typical device details and its typical hysteretic behaviour (Soydan et al., 2017). 
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2.5.3 Summary 

Several studies have shown that poor PC connections in existing industrial buildings can 

jeopardize the overall stability of the structure when the structure subjected to an 

earthquake. Furthermore, the existence of the so called retrofitting technique against the 

loss of seat of the PC structures, defined as the low invasivity technique seems to be a 

predominant remark among the scientific community. It is this feature that has recently 

been exploited by Martinelli and Mulas  (2010) and Soydan et al.  (2017). 

From the study of the contributions on retrofitting techniques of the existing PC structures 

it appears evident there is a knowledge gap that requires attention. HEDDs of low 

invasivity have been adopted in PC structures with satisfactory results in terms of seismic 

performance. Nevertheless, there are limited studies on efficiency of HEDDs of low 

invasivity in particular using yield devices at the connections of PC structures. Moreover, 

there is still need to develop or adapt an efficient retrofitting technique for PC structures 

that avoids expensive technology and sophisticated materials while promoting easy 

construction and installation practices. 

In fact, the development of retrofitting techniques for existing PC structures is still an 

active research area. Moreover, a more elaborate nonlinear model for the PC connections 

is of paramount relevance for the understanding of this challenging phenomenon that up 

to now has mainly been addressed through simplified numerical models. 

A feasibility study of retrofitting technique using yielding HEDDs of low structural 

invasivity is presented in this research aiming to provide additional hysteretic damping to 

PC framed structures. This technique combines the local retrofitting technique with the 

yield device of the global retrofitting technique to reproduce a practical solution with a 

wider range of applications when compared with the available techniques. This technique 

is explained in detail in chapter 3. 
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3 Chapter 3 

 

 

 

Yield hysteretic devices in seismic design 
 

 

 

3.1 Introduction 

Hysteretic energy dissipation devices HEDDs have been studied, and subsequently, 

experienced rapid progress, particularly in the last four decades, motivated mainly by the 

needs of the ease of construction and low cost. In particular, yielding devices have 

become very popular. Extensive state-of-art reviews on HEDDs have been extensively 

published elsewhere (Skinner et al., 1993; Martinez-Rueda, 2002; Soong and Spencer, 

2002; Symans et al., 2008).  

In general, a great deal of experience has been achieved following decades of application 

of yield device, specifically the C-devices. These devices have demonstrated reliable 

hysteretic behaviour that is currently acceptable in the engineering community as far as 

design and redesign of seismic resisting structures is concerned. As validated by 

experimental and numerical research, these devices have been found to dissipate 

substantial amounts of energy. 

During the last two decades research into HEDDs has paid attention towards the 

development of C-devices made of mild steel (Ciampi et al., 1996; Martinez-Rueda, 

2004; Guan et al., 2009). Mild steel was found to be the most suitable material, preferably 

heat-treated for five hours at 6200 C following fabrication (Skinner et al., 1980b).  

Given the need for seismic devices that are able to dissipate the energy input during an 

earthquake while keeping construction expenses affordable, gave way to the introduction 

of local or global technique incorporated with yielding devices, as often referred in the 

literature low invasivity technique. These techniques were first developed for existing RC 
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structures (Martinez-Rueda, 1992, 1996, 1997) and later recommended to PC structures 

(Martinez-Rueda, 1998a). 

 

A summary of available technology of yielding hysteretic energy dissipation devices 

HEDDs is presented in this chapter. The design and construction of these devices 

generally have reliable features which include optimum hysteretic behaviour, ease and 

convenience of installation, repair and low cost. In order to justify the new application of 

yield HEDDs proposed in the present research, relevant past applications of yield HEDDs 

are briefly discussed in terms of experimental assessment, effectiveness of nonlinear 

modelling technique and constructability. Devices are classified into several typologies 

based on the cross-section and overall shape of the device. In particular, relevant research 

on the development of C-devices is presented.  

 

3.1.1 C-devices of rectangular cross-section. 

During the 1970s, several hysteretic devices were being used to improve the seismic 

performance of RC structures. During that decade, the inelastic deformation of C-devices 

was increasingly used to provide hysteretic damping for bridges and RC buildings. An 

early C-devices in the rectangular cross section are the steel beam hysteretic damper 

(Figure 3.1), which was developed by the Physical and Engineering Laboratory in New 

Zealand (Kelly et al., 1972). This device is one of the earliest effective C-devices to 

dissipate the energy input during an earthquake motion. This device has the dual 

advantage of providing the required damper characteristics with simple installation 

procedures.  

The description of the C-device of rectangular cross section development was discussed 

by Skinner et al.  (1977). This device can sustain a bending stress of about 255 MPa for 

a maximum strain of 0.015 to 0.04. It is also possible to provide a more compact hysteretic 

loop by using mild steel or low-carbon steel. The force 𝑃 and displacement ∆ shown in 

Figure 3.1 can be obtained by using the equations below, as reported by Skinner et al.  

(1977): 

2 / 4P bt r         (3.1)  

[2 / ]rl t           (3.2)  

Where, 𝑏, 𝑡 , 𝑟 and 𝑙  are dimensions of the device as illustrated in Figure 3.1; 휀 is 

maximum strain. 
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Figure 3.1 C-device of rectangular cross-section (Skinner et al., 1977). 

 

The C-device above was proposed to isolate a superstructure of motorway bridge from 

their pairs and abutments constructed in New Zealand. Skinner et al.  (1977) also 

described that in practice to construct such a damper for forces of about 100 tonnes 

appropriate to the Nuclear Power plants would employ a very large mild steel beam and 

cast steel arms. However, it is possible to provide steel dampers by the use of a special 

cast machine for device arms, but this would be expensive. Furthermore, Skinner et al.  

(1980) recommended that device should be heat-treated for 5 hours at 6200 C following 

fabrication (Skinner et al., 1980). 

 

3.1.2 C-devices of circular cross-section. 

Figure 3.2a shows a C- device used in several RC structures. This C-device has circular 

cross- section was previously referred to as flexural beam dampers (Skinner et al., 1980). 

Structurally, the device is pinned by two cast steel arms at where loads (Q ) are applied 

along the direction of the beam axis (see Figure 3.2a). The device can be fabricated with 

a minimum of welding using cast steel arms connected to the steel beam (see Figure 3.2a) 

compared to the C-device of rectangular cross- section (Figure 3.1). However, welding 

should be kept away from highly strained zone; otherwise, earlier failure results (Skinner 

et al., 1980b). Furthermore, the patterns for the casting needs to be prepared for each load 

capacity. The load capacity (𝑄𝑑) and deflection (𝑦) equations of this device are given by 

Skinner et al.  (1980b): 

3 / 6d pQ f d r        (3.3) 

P 

Arm 
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2 /y Lr d         (3.4)  

where, 𝑓𝑝  is the plastic stress appropriate to design a maximum strain level 휀 = ± 0.03 for 

100 cycles to failure; 𝑑, 𝐿 and 𝑟 are dimeter and length of the beam, and arm length, 

respectively.  

The device was tested in the lab (Figure 3.2b) using a device prototype of 𝑑 =114 mm, 

𝑟= 280 mm and 𝐿 = 500 mm which gives a load of around 𝑄𝑑= 309 kN and range of a 

deflection at 74 mm. The result of the hysteretic loops under cyclic loading of this device 

is presented in Figure 3.2c. The test results also indicated that the use of a smaller 𝑑 to 

the standard loading arms the 𝑄𝑑 may be reduced to about 50% while fitting longer beams 

enables the stoke to be increased by about 25%. 

 

(a)        (b) 

 

(c) 

Figure 3.2. Flexural beam damper (Skinner et al., 1980b): (a) beam bending C-device; (b) 

device deformation subjected to axial load; (c) hysteretic loop the device. 
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One of the main disadvantages of the above device is that the geometrical change due to 

deformation reduces the second slope of the hysteretic loop in compression and tension. 

Furthermore, the device can possibly experience embrittlement of steel following aging 

after overstrain (Skinner et al., 1980b). This was evident in the application in New 

Zealand where six such devices, of 300 kN capacity, were installed at one abutment of 

the Cromwell bridge, as shown in Figure 3.3.  

 

(a) Cromwell Bridge, New Zealand  (b) a C-device on the top of Abutment 

Figure 3.3. Implementation of a C-device of the circular cross-section to the Cromwell Bridge, 

New Zealand (Skinner et al., 1993). 

 

3.1.3 E-devices  

One of the most popular steel-plate HEDDs initially introduced to RC bridges is the E-

devices. This device may be considered as an extended application of the C-devices. This 

device has been installed in a long-span bridge in Italy (Mortaiolo bridge) to control the 

seismic excitation (Mezzi and Parducci, 1992). Basically, an E-device is cut from a thick 

steel plate in an E-shaped as illustrated in Figure 3.4. This enables a uniform plastification 

giving rise to cost saving and simplification in the production control. The yielding 

strength (𝑃𝑦), yielding stiffness (𝐾𝑦) and the maximum displacement (∆max) at the 

location where 𝑃 is applied in the E-device are suggested by Casarotti  (2004) and given 

below:  

 2 / 3y yP sb h         (3.5) 
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where, 𝜎𝑦 is the yielding strength of plate; 𝑙, 𝑏, ℎ, 𝑏1 and 𝑏2 are the device dimensions 

shown in Figure 3.4 and 𝑠 is the thickness of the device. 𝐸, 휀𝑦 and 휀max  are the modulus 

of elasticity, yielding strain and maximum strain respectively.  

 

Ciampi et al.  (1996) proposed a retrofitting technique using a bracing system with E-

devices. This study carried out the possible application of dissipative bracing system 

using E- devices for seismic protection of RC buildings in Italy. This innovative technique 

("dissipative bracings") could be used either in retrofitting or in new RC structures. It has 

been designed to deform the device plastically while the bracing system remains elastic. 

The dissipative bracing is characterised by very stable hysteretic energy by improving the 

structural response to strong earthquakes in terms of its strength and stiffness.  

 

Shaking table tests carried out at the University of Rome to evaluate the effectiveness of 

the E- device incorporated in bracing systems under high seismic inputs was conducted 

for a 2-storey steel frame (Arcangeli et al., 1996). A typical E- device within an RC frame 

test is shown in Figure 3.5. This frame was designed to remain elastic up to a 1.5% storey 

drift, which is necessary to avoid damage to the model during the test. The input motions 

used in this study include a set of artificial accelerograms of a 25 second duration for two 

seismicity levels (mild level with PGA = 0.1g and high level with PGA = 0.85g). This 

test was conducted to evaluate tow type of devices made from a stainless steel (AISI304) 

of 𝑓𝑦 = 270 MPa and a mild steel (Fe360) of 𝑓𝑦 = 250 MPa. The mechanical characteristics 

that most significantly affected the response of E-devices was yield strength and yield 

displacement. These characteristics were evaluated through a series of steel sub-

assemblage tests mentioned above under cyclic actions. Results indicated that all 

specimens showed a similar cyclic life but in the last cyclic load, the strength of AISI304 

specimens was 25% greater, as shown in Figure 3.6. However, the mild steel type of 

Fe360 has been chosen because of a more stable behaviour and ductility during cyclic 

loading. Results also indicated that the reduction of the maximum storey drift reached 
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80%. Also, the dissipated energy compared to the input energy was 65%. These results 

have confirmed the effectiveness of dissipative bracing system for the seismic protection 

of a RC building. 

.    

 

Figure 3.4. Typical E-device (after Ciampi et al., 1996). 

 

Figure 3.5. Shaking table test (Ciampi et al., 1996). 
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(a) Stainless steel of AISI304     (b) mild steel of Fe360 

Figure 3.6. Cyclic response of the steel frame tested by Arcangeli et al.  (1996). 

 

Further research has been also conducted by Guan et al.  (2009) to investigate 

experimentally the performance of E-devices. The E-devices (damper unit and EDB) and 

the prototype for testing are illustrated in Figure 3.7. A pseudo-dynamic system with a 

load capacity of 2000 kN and a displacement of 500 mm has been used. The displacement 

amplitude levels were calibrated at levels of 12, 24, 36, 60 and 120 mm.  

Figure 3.8 shows the hysteretic response of the E-device damper unit. It can also be seen 

from this figure that the device has very good dissipation characteristics. This is mainly 

due to the contribution of local deformation at the middle arms (see Figure 3.4) while the 

outer and middle legs remain elastic.  

Theoretically, the device was also simulated on a long-span bridge model. The Nanjing 

Jia River Bridge was selected as the existing RC bridge for the analysis. It was assumed 

that the testing results of the strength-displacement relationship of the E-device using 

Wen model (Wen, 1976) for monotonic loading forms an envelope force-displacement 

curve for repeating loading. The parameters of Wen model are the initial stiffness (𝐾) 

post ratio of stiffness (𝑟), yield strength (𝑓𝑦) and exponent (𝜉). Parameters of Wen model 

of E-devices were measured by means of experimental tests. Therefore, different 

geometry of E-device has different parameters.  

Figure 3.9 shows Wen and others models defined based on the test results of the E-device 

conducted by Guan et al.  (2009). In this simulation, three artificial ground motions and 

three records from the 1999 Kocaeli earthquake and the 1999 Chi-Chi earthquakes were 

selected for time-history analysis as input motions. The effectiveness of the device was 

evaluated through the variation of yielding strength of the device from 1000 kN to 3000 

kN. The device with a yield strength of 2000 kN was chosen as the optimum device 

strength by which the relative displacement demand less than displacement ductility of 
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the structure. The relative displacement demand of the upgraded bridge with device 

strength tuned at 2000kN was found 118 mm, which is less than the design displacement 

capacity of 120 mm.  

the main concern of this device is that the fact that the device during the test showed slight 

progressive strength deterioration under cyclic load as shown in Figure 3.8. This can be 

attributed to the effects of the geometry changes and permit to avoid the progressive 

accumulation of axial strain which is the main sources of an increasing number of cycles 

in this device. Furthermore, there is no a particular analytical model or guidance was 

provided with respect to how the suggested E-devices should be calibrated to achieve 

desirable failure. Since the inelastic behaviour of an E-device has to be performed only if 

the structure is attacked by a major earthquake and only its elastic behaviour will be 

engaged when the structure is stressed by horizontal service loads (e.g. braking and 

centrifugal forces) (Mezzi and Parducci, 1992). More importantly the device is required 

three points to install, so the device can only install in bracing and foundation systems 

(e.g. Figure 3.5 and Figure 3.7b).       

 

(a) damper unit    (b) energy dissipation device (EDB) 

Figure 3.7. E-device specimens for a test (Guan et al., 2009). 

 

Figure 3.8. The cyclic response of the E-device damper unit (Guan et al., 2009). 
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Figure 3.9. Comparison of force-displacement plot between theoretical and test results (Guan et 

al., 2009). 

 

 

3.1.4 Curved C-devices  

An interesting variation of the C-devices is the radial assembly of C-devices (Figure 

3.10), which has also found its applications in RC bridges as dissipative connections 

between the bridge deck and abutments (Skinner et al., 1993). This device was used in 

the seismic isolation of the Mortaiolo Bridge in Italy to provide seismic protection to its 

deck in different response directions. A national survey at the end of 1991 has shown that 

a number of bridges are seismically protected due to the use of this type of this device 

(Medeot and Albajar, 1992). Figure 3.11a shows the anti-symmetrical deformed shape of 

the device. For each compressed device, another is in tension; thus, the radial assemble 

of curved C-devices allows uniform behaviour under earthquake ground motion acting in 

any direction. However, the curved C-device has to be coupled in parallel with other 

device to avoid the effects of earthquake with low intensity (du Beton, 2007). 

An experimental study of Marioni  (1996) showed that the curved C-devices above proved 

to be able of dissipation of an earthquake with a peak ground acceleration (PGA) of more 

than 0.8g. Figure 3.11b shows the typical hysteretic response of the curved C-devices 

obtained from tests. However, a very small displacement reduction is expected under 

earthquake ground motion for this type of device. To avoid these effects, devices are 

suggested to be coupled in such a way as to behave as E-devices where installed into the 

RC structures (Ciampi et al., 1996). The device was incorporated into a chevron bracing, 

as shown in Figure 3.12.  

Although, the application of this device seems promising there has been no studies to 

fined equivalent springs to model the fully device. However, there are able to model the 
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device but in explicitly model using a bilinear axial spring made an assumption based on 

experimental results (Limongelli, 2002). Therefore, there are no procedure and 

calibration criteria about how to calibrate this device. Furthermore, the device seems very 

expensive in terms of production. Additionally, there is an important concern about their 

safety against premature failure (Martinez-Rueda, 2002). 

 

Figure 3.10. C-devices; (a) radial assembly of C-devices used in seismic isolation; (Skinner et 

al., 1993). 

 

Figure 3.11. (a) deformed shape and (b) hysteretic behaviour of curved C-device (Casarotti, 

2004). 

 

Figure 3.12. Application of curved C-device proposed by Ciampi et al.  (1996). 

(a) (b) 
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3.2 Devices of low invasivity  

3.2.1 Local incorporation 

To overcome many shortcomings of conventional bracing systems when used for 

retrofitting, a technique that relies on the local incorporation of devices has been 

developed (Martinez-Rueda, 1992, 1996, 1997; Martinez-Rueda and Elnashai, 1995) as 

shown in Figure 3.13. This technique is based on the local incorporation of hysteretic 

devices around the beam-column regions where a large rotational ductility demand could 

be expected. In the example of this figure, the hysteretic yielding devices are yielding 

frames of variable cross-section. The yielding frames were made of mild steel to avoid 

the reliance on sophisticated technology and costly materials. To guarantee the activation 

of supplemental sources of energy dissipation, yield devices must be calibrated carefully. 

A number of calibration criteria for devices of low invasivity are reviewed below.   

 

Figure 3.13. Local incorporation of yield devices around an RC beam-column connection 

(Martinez-Rueda, 1998a). 

 

3.2.2 Device calibration 

3.2.2.1 Member level 

Martinez-Rueda  (1997) first studied the analytical study of the local incorporation 

technique including calibration of device strength at member level as shown in Figure 

3.14. The first model as shown in Figure 3.14(a) has no devices while the second model 

has a number of yielding devices incorporated around column base as shown in Figure 

3.14 (b). These models were assumed to be fixed at their lower end. A lumped mass at 

the top of RC columns was considered for both models. Then the cantilever columns with 

and without devices were first studied under constant axial load and monotonically 

increasing lateral displacement up to a drift of 2%. 
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For very high device strength, the energy dissipation in yielding devices will be 

negligible, as there will be no yielding (devices not activated). An undesirable failure 

mode is expected as shown in the Figure 3.14(d). It is expected that devices calibrated in 

this way may induce undesired brittle behaviour. Consequently, the only source of 

hysteretic damping will be the plastic hinge of the column. Furthermore, this source will 

be less effective as for the same lateral displacement of the mass, the rotation ductility 

demand of the column plastic hinge will increase while the rotation ductility capacity will 

decrease as a result an increased shear force. 

In contrast, if the device strength is very low, the reduction of displacements for the 

upgraded column will occur but the amount of energy dissipation again will be negligible. 

In this case, the structure will behave as virtually non-upgraded.  

Between these two limits, there is an intermediate strength, which results in a maximum 

reduction of displacements of the upgraded column and matches the condition of 

optimum energy dissipation. This intermediate strength is referred as limit of efficient 

device strength (LEDS) (Martinez-Rueda, 1997). It is expected that devices calibrated 

with this strength may not induce the undesired brittle behaviour shown in Figure 3.14(c). 

Therefore to avoid the occurrence of the undesirable collapse mechanism, the collapse 

load (H2) must be lower than the collapse load (H3). 

 

(a)     (b) 

 

(c)      (d) 

Figure 3.14. (a) RC member without devices (original); (b) RC member with devices 

(upgraded); (c) desirable failure mechanism and (d) undesirable failure mechanism (Martinez-

Rueda, 1997). 
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Martinez-Rueda  (1997) developed a method to calculate the LEDS based on the 

comparison between desirable and undesirable collapse mechanisms using plastic 

analysis. For the upgraded column of Figure 3.14, the LEDS is given as: 
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Where ℎ𝑐 is the cross- section depth, 𝐿 is the column height of the cantilever column, 

𝐿𝑥and 𝐿𝑦 are the horizontal and vertical length of the assembly of devices respectively, 

𝑀𝑑 is the rotational device strength and 𝑀𝑐 is the assumed flexural plastic strength of the 

RC column. 

Conservatively, the 𝑀𝑝 was assumed as the bending capacity 𝑀𝑜 of the column with no 

axial load. Therefore, for this particular model, the LEDS (𝑀𝑑/𝑀𝑜) ranged between 4%-

6% for columns under study. A full set of design equations to define the LEDS for all 

possible types of beam-column connections in framed structures was published elsewhere 

(Martinez-Rueda, 1997). The summary of dynamic results for the cantilever column, and 

also referred as SCENT model, shows that the cantilever column in its upgraded state 

tuned at LEDS, the hysteretic energy dissipated by the RC members is only 24% of the 

total energy input, which indicates that most of the energy input was dissipated by the 

devices. This result confirms that the application of the device is capable of dissipating 

hysteretic energy while minimizing seismic response (Figure 3.15) and protecting 

structural elements from severe damage.  

 

Figure 3.15. Seismic response comparisons for the cantilever models with and without devices 

under El Centro NS 1940 acceleration time-history (Martinez-Rueda, 1997). 
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3.2.2.2 Structural level 

Martinez-Rueda  (1997) also studied the calibration procedure for devices installed in 

framed structures, which becomes a more complex procedure and involves a large number 

of plastic mechanisms before and after the insertion of devices. A full set of design 

equations to define the LEDS for all possible types of beam-column connections in 

framed structures was published elsewhere (Martinez-Rueda, 1997). A number of 

parametric study including the level of confinement, level of gravity loading and level of 

seismic action have also been conducted by the author. Figure 3.16 shows a typical rise 

soft-storey building retrofitted with low invasivity devices which has been used to study 

the seismic performance of the building with and without devices. Details of this building 

can be found in Martinez-Rueda  (1998a).  

The optimum strength for low invasivity devices in beam-column subassemblies was 

observed to be about 2%-5% of the minimum member flexural strength (Martinez-Rueda, 

2000) while at the column-foundation subassemblies, the required LEDS was 4%-6% of 

the column pure bending strength (Martinez-Rueda, 1998a). These resulted in a mild 

increase in strength and stiffness leading to a minimal increase in the overall weight of 

the structure compared to the other upgraded techniques such as additional bracing.  

The results indicated there is a significant reduction in seismic response in terms of inter-

storey displacement, residual displacements and damage in the original structure. 

Furthermore, the structure in its original state experiences significant inelastic 

displacement compared to the upgraded structure, a comparative example is shown in 

Figure 3.17. 

 

(a) typical medium-rise soft-storey building (b) simplified model of  soft-storey building 

Figure 3.16. Medium-rise soft-storey building. 
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Figure 3.17. Comparison of seismic response between original and redesigned (upgraded) 

structure subjected to the Emeryville S80W of the Loma earthquake 1979 (Martinez-Rueda, 

1998a). 

 

It is important to see that the above calibration technique of devices for monolithic RC 

structures can also be applied for PC structures but incorporating in the required plastic 

analysis, the strength mechanisms of the present joints.  RC buildings are normally 

designed with a degree of continuity and stiffness between their adjacent members at the 

connections. In fact, it is a well-known fact that the more continuous and monolithic a 

structure is made, the more plastic hinges are available for energy dissipation. 

Comparatively, these advantages are absent in several existing PC structures, in 

particular, portal frames (Palermo et al., 2007; Martinelli and Mulas, 2010). Since a high 

degree of continuity could be given to these connections by using traditional methods, 

this would require a high degree of constraint, thus minimizing the benefits of precast 

construction.  

 

3.2.3 Global incorporation 

Although the local incorporation of devices illustrated in Figure 3.13 proved effective 

from the conceptual and the economic viewpoints, a large number of devices could be 

required when this approach is followed to retrofit framed structures as devices will need 

to be incorporated around all the joints of the structure. Consequently, Martinez-Rueda  

(2000) introduced the concept of global incorporation of devices as an alternative 

retrofitting technique of low invasivity. Figure 3.18 shows the global incorporation of 

devices suggested for new and existing RC structures and also referred to as a "bracing 

system of low invasivity"(Martinez-Rueda, 2000). In this technique, it is essential to 
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calibrate the devices for the maximum rotational strength that guarantees the elastic stable 

response of the steel struts (see Figure 3.18a) or arch sector (see Figure 3.18b). In 

addition, the study recommended that a very strong dissipative bracing should be avoided. 

This is because this approach may result in excessive lateral strength incompatible with 

the frame or existing foundation.  

In order to investigate the device efficiently, the monotonic and seismic response of the 

original and upgraded frames were studied. The upgraded frames with device strengths 

calibrated at optimum device strength experienced a substantial reduction of displacement 

ductility demand in all stories. 

 

(a) global incorporation- polygonal arch (b) global incorporation- bracing arch 

Figure 3.18. Some alternative of low invasivity incorporation of hysteretic devices proposed by 

Martinez-Rueda  (2000). 

 

A simple dissipating system of low invasivity (Figures 3.19 and 3.20) incorporating C-

devices made of mild steel was also tested under reversed cyclic loading. As shown in 

Figure 3.20, the device used by Martinez-Rueda  (2004) has simpler geometry compared 

to that of earlier C-devices. Devices in this test were made from commercially available 

strips of mild steel (4″ wide and 5/8″ thick). The devices were fabricated using a simple 

cutting machine following the procedure illustrated in Figure 3.21. This enables an 

avoidance of the sophisticated technology for device fabrication such as the C-device 

proposed recently by Koetaka et al.  (2005). Furthermore, simpler mechanic cutting 

procedures are available in poor countries and has the advantage of not inducing residual 

stress produced by laser cutting.   

The test results indicated that the inelastic behaviour of the C-devices incorporated into a 

bracing system was satisfactory. The yield bands were detected on the surface of the C 

device, primarily in the upper and bottom fibres of the dissipative region of the plates, as 

shown in 3.20.  
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Using first principles of linear frame elastic analysis, Martinez-Rueda  (2004) showed 

that the yield strength 𝑃𝑦 and 𝐾𝑦 can be estimated as: 

2

61

y

y
y

b b

f t
P

L

h h





        (3.9) 

2 3

3 3

12 8
y

x y yx

b b c

Et
K

L L LL

h h h



 

       (3.10) 

Where 𝐸 is the modulus of elasticity of steel; 𝑓𝑦 is the yield strength of the plate; 𝑡 is the 

thickness of the plate; and 𝐿𝑥, 𝐿𝑦, ℎ𝑏 and ℎ𝑐 are dimensions of the device as shown in 

Figure 3.22. 

Although the application of C-device proposed by Martinez-Rueda  (2004) is very 

promising the author did not study his proposed device analytically or experimentally  on 

models under monotonic and cyclic loadings. Therefore in the present study, 

experimental and analytical models are proposed.     

 

(a) test specimen    (b) overall dimensions and components 

Figure 3.19. C device incorporated into a bracing system proposed by Martinez-Rueda  (2004). 
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Figure 3.20. C-device at the end of the test (Martinez-Rueda, 2004). 

 

 

Figure 3.21. C-device fabrication using a simple cutting machine (Martinez-Rueda, 2004) 

 

 

Figure 3.22. C-device (after Martinez-Rueda, 2004). 

 

dissipative region 



47 
 

3.3 Concluding remarks  

In the last four decades, engineers and researchers have made efforts to improve the 

seismic response of structures. Several RC buildings and highway bridges have been 

retrofitted with seismic protective devices, in particular, yield HEDDs. These devices 

have shown significant improvement in structural seismic response reduction. The 

inelastic deformation of metals is an effective mechanism to dissipate energy by 

hysteresis.  

Local incorporation techniques suggested by Martinez-Rueda  (1998a) in the last decades 

are based on the introduction of yielding devices in the vicinity of the RC beam-column 

connections. Nevertheless, there are limited studies on the efficiency of this technique for 

PC portal framed structures. This is due to the fact that the seismic performance of the 

connections in RC structures are rather different from those of PC structures. This justifies 

the need for further research. 

 

Furthermore, the C-device suggested by Martinez-Rueda  (2004) cut from plates is an 

inexpensive option for HEDDs because of its simpler geometry compared to that of earlier 

yielding devices. However, as reported earlier, although the above C-device appears well 

conceived, further analytical and experimental studies of the device alone are clearly 

missing. These new studies are reported in chapters 5, 6 and 7 with the objective of 

analysing in detail the effect of the geometric parameters of the device on dissipation and 

deformation capacity. 

 

In view of the above, this dissertation proposes a new application of the C-devices using 

local incorporation technique for the seismic upgrading of PC structures. The research 

will provide a low cost practical solution to improving the seismic performance of 

existing PC structures while avoiding complex technology or sophisticated materials as 

much as possible. The strategies for adopting any of the proposed devices will also depend 

on desirable engineering characteristics like cost, convenience and ease of installation. 
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4 Chapter 4 

 

 

 

Assessment of strength and ductility using a modelling 

approach 

 

 

 

4.1 Introduction 

A nonlinear analysis of PC structures response to earthquake ground motions (EGM) has 

provided an indication of the order of post-elastic deformations, and the ductility capacity 

required to meet these deformations. Hence, a simulation of the inelastic behaviour of a 

PC frame requires nonlinear modelling and analytical techniques to define earthquake 

ground motion. This is achieved by the use of more refined analysis procedures at both 

member and section levels.  

The main purpose of this chapter is to summarise the nonlinear approach followed in the 

present work to assess the strength and ductility of PC structures. This chapter also 

discusses the analytical tools to develop a nonlinear model to simulate the inelastic 

response of PC structures.  

 

4.2 Evaluation of the strength of PC members using a fibre approach 

The current state-of-the-art on analytical modelling of PC structures allows a reasonably 

accurate representation of both monotonic and hysteretic response in flexure. In general 

the assessment of flexural strength can be achieved by using a fibre analysis approach. 

The fibre analysis approach at section level is a numerically intensive method for 

determining the strength and stiffness of the cross-section of a member (Spacone et al., 

1996a; Spacone et al., 1996b). The fibre approach is able to evaluate the strength and 
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stiffness of a PC member in terms of elastic and inelastic zones. This method also allows 

the modelling of different material properties of steel and concrete under monotonic and 

dynamic loads. On the other hand, the effects of transverse reinforcement of the concrete 

material can also be included in a nonlinear analysis. Therefore, the evaluation of the 

ductility demand of the PC structures by the results of post-yield obtained from a 

nonlinear analysis is more realistic.  

The nonlinear finite element program SAP2000 (Computer and Structures Inc., 2015) has 

been used in the present study. The program accounts for material nonlinearities and 

makes use of a fibre element approach to account for spread of inlasticity across the 

section and along the member length. The fibre hinge named "fibre PMM" provided by 

SAP2000 is often more realistic than other simpler hinges, but it is more computationally 

intensive (Computer and Structures Inc., 2015). The fibre PMM can model the axial 

behaviour of a number of represented axial stress distributed across the cross- section of 

the frame member. Subsequently, the axial stresses are integrated over the section to 

determine the values of the axial force and the moment and section curvature. Therefore, 

in the present study, the analysis of the PC structures was conducted using the nonlinear 

finite element program SAP2000 (Computer and Structures Inc., 2015). 

The following common steps are required to define the fibre PMM element to evaluate 

the strength and stiffness of a PC member: 

1- The cross- section is subdivided into a number of small fibre areas and the size of 

these areas depends on the desired accuracy. 

2- Each fibre has a location, tributary area and stress-strain characteristics of its 

constitutive material. Previous studies on fibre beam- column elements have 

demonstrated that the number and the position of the fibres are important for the 

accuracy of the results (Spacone et al., 1996b). Kostic and Filippou  (2011) 

studied the modelling of rectangular RC column sections and made 

recommendations for their efficient discretisation. 

3- Each fibre can have either a simple or a very elaborate stress-strain material 

model. 

4- Each fibre can have a particular hysteretic model.  

5- Each fibre element can have a particular plastic hinge length for spread of 

inlasticity of the cross section along the member length. 
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4.2.1 Evaluation of the shear strength for an RC member 

4.2.1.1 Estimation of the shear strength based on the EC2 code  

Based on the EC2 code (Eurocode 2, 2004), the maximum design shear force resisted by 

concrete (
,maxRdV ) is limited by the crushing of the compression struts in an analogous 

truss and its vertical component as follows. 

 1
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Where, 𝛼𝑐𝑤is a coefficient taking account of the state of the stress in the compression 

chord and 𝑣1 is a strength reduction factor for concrete cracked in shear. 𝜃 (see Figure 

4.3a) is the angle between the concrete compression strut and the beam axis perpendicular 

to the shear forces and it is ranged between 22 and 45 degrees (EC2 clause 6.2.3). 𝑏𝑤 is 

the minimum width between tension and compression chords and 𝑑 is the effective depth 

of the member. 𝑓𝑐𝑘 is the compressive strength of the concrete.  

The recommended value of 𝛼𝑐𝑤 and 𝑣1 are also given by the EC2 clause 6.2.3. These 

values  𝛼𝑐𝑤 and 𝑣1are (1.0) and ( 0.6(1 / 250)ckf ) respectively, hence (4.1) can be 

rewritten as 
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For design purposes, if an RC member requires design shear reinforcement, the maximum 

design shear force resistances by stirrups 𝑉𝑅𝑑,𝑠 is given by 
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        (4.3) 

Where 𝐴𝑠𝑤 is the area of transverse reinforcement within the spacing 𝑠, 𝑓𝑦𝑘 is the yield 

strength of the transverse reinforcement.  

 

4.2.1.2 Priestley- Verma-Xiao shear model of RC column members (PVX model) 

There are several shear models to estimate the shear strength of an RC member. Among 

these models, those developed by Ghee et al.  (1989), Watanabe and Ichinose  (1991) and 

Priestley et al.  (1994) are considered the most promising.  
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The Priestley et al.  (1994) model predicts the shear strength of columns (of rectangular 

and circular sections) subjected to cyclic shear force. This model considers the 

contribution of the concrete, the axial load and the truss mechanisms. The model proposes 

predictive equations accounting for the influence of flexural ductility, axial load and the 

aspect ratio of the column.  

The predictive equation was compared to a number of column test results. It was proved 

that the scatter of the experimental results versus predictive values of the shear strength 

ratio is reduced significantly compared to the other models (ACI-426-Committee, 1973; 

Ghee et al., 1989; Watanabe and Ichinose, 1991). The shear strength (𝑉𝑛) for the 

rectangular column member in the form of a single equation is 
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        (4.4) 

where, 𝐴𝑒 is the effective shear area taken as 0.8𝐴𝑔, ℎ is the overall section depth, 𝑐 is 

the depth of the compression zone, 𝑎 is the shear span equal to L (see Figure 4.1) for a 

cantilever column and L/2 for a column in reversed bending and 𝑃 is an axial load. ℎ𝑐 is 

the distance between the centre of the peripheral hoop in the direction parallel to the 

applied shear force while 𝐴𝑣 is the area of transverse reinforcement within spacing 𝑠. 

Moreover, 𝑓𝑦ℎ is the yield strength of the transverse reinforcement and 𝑘𝑣 is a calibration 

factor. 

The shear strength 𝑉𝑛 of the column in the equation (4.4) consists of three independent 

components: a concrete component 𝑉𝑐, depending on the level of ductility; an axial-load 

component 𝑉𝑝 whose magnitude depends on the column axial-load ratio (see Figure 4.1); 

and a truss-mechanism component 𝑉𝑠 whose value depends on the transverse 

reinforcement content. 

The calibration factor  𝑘𝑣 (see Figure 4.2) to predict the degradation of shear strength for 

increasing displacement ductility demand 𝜇 and is given as: 

 0.29vk      2       (4.5) 

 0.48 0.095vk     2 4      (4.6) 

 0.10vk      4       (4.7) 
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Figure 4.1. The contribution of axial force to column shear strength (Priestley et al., 1994) 

 

Figure 4.2. Calibration factor Kv for degradation of concrete shear strength in the PVX model 

(Priestley et al., 1994) 

 

4.2.2 Evaluation of the shear strength of a prestressed PC beam 

The evaluation of shear capacity resisted by concrete alone based on the EC2 is given as 

2

,
w

RD c ctd l cp ctd

Ib
V f f

S
         (4.8)   

where  

2/ 1.0l x ptl l    for pretension tendons    (4.9) 
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1.0l    for other types of prestressing    (4.10) 

ED ED
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          (4.11) 
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       (4.12) 

Where 𝑓𝑐𝑡𝑑 and 𝑓𝑐𝑡𝑘,0.05 are the tensile strengths of concrete with the characteristic (5% 

fractile) while 𝛾𝑚  is a safety factor equal to 1.5. 𝑦 is the distance from the neutral axis 

while 𝑁𝐸𝐷 is the prestressed force at service load; 𝑒 is the eccentricity of the prestressed 

force . 𝑆 is the first moment of area above and about the centroid axis of the cross -section 

area 𝐴 at the level at which shear stress 𝜏 is determined. 𝑏𝑤 is the width of the section at 

position where the shear stress is calculated. 𝑙𝑥 and 𝑙𝑝𝑡2 are the distances of the section 

from the starting point and the upper bound of the transmission length respectively. 𝜎𝑐𝑝 

is the concrete compressive stress at the centroidal axis due to axial loading and/ or. 𝐼 is 

the second moment of area. 

The shear force resisted by vertical links is expressed by the following equation 

, cotsw
RD s ywd

A
V f z

s
         (4.13) 

Where, 𝜃 is the angle between the concrete compression strut and the beam axis 

perpendicular to the shear forces as shown in Figure 4.3a. 𝐴𝑠𝑤 an area of links whereas 

𝑧 cot𝜃 (see Figure 4.3b) is is the horizontal projection of the cut section and it should be 

within (1 ≤  𝑧 cot𝜃 ≥ 2.5). 

A more detailed disscussion about the shear strength of a prestressed member with shear 

reinforcement and cracked in bending using EC2 can be found in Lin and Burns  (1981) 

and Bhatt  (2012).  

 

(a)     (b) 

Figure 4.3. (a) idealized truss and (b) a beam section parallel to compression struts (Bhatt, 2012) 
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4.3 Evaluation of the bearing strength of the contact region of the PC beam-

column connections 

As previously disscussed in Chapter 2, the bearing strength at the contact region of beam-

column connections (See Figure 4.4) is extremely important for resisting diagonal 

cracking. Additionally, a high quality of workmanship at the contact surface is 

recommended (Eurocode 2, 2004). EC2 shows that the average bearing stress between 

plane surfaces for the connection without bedding material (dry connections) should not 

exceed the following limits as given below 

0.3Rd cdf f         (4.14)  

For all other types of connections is also given as 

  0.85Rd bed cdf f f         (4.15) 

where  fRd is average bearing stress between plane surfaces; fcd is the lower of design 

strength for supported and supporting member, while fbed is the design strength of the 

bedding material. 

 

Figure 4.4. Example of contact region (dry connection) (Eurocode 2, 2004) 

 

4.4 Evaluation of ultimate concrete strain   

4.4.1 Ultimate concrete strain of an unconfined section 

For the purpose of estimating the strength of an RC section member, a dependable 

concrete compression strain in the extreme fibre of an unconfined column may be 

assumed to be 0.004. A number of experimental research studies claimed that the 

minimum compressive strain at the extreme concrete fibre corresponding to cover 

crushing was usually about 0.003 to 0.004. For example, the first visible crushing 



55 
 

occurred in most of the specimens, as shown in Table 4.2, and ranged between 0.003 to 

0.004. Further to this, it is clear from this table that the average value of the strain for 27 

column test specimens is 0.035. 

For evaluating the ultimate curvature capacity at an unconfined section, Park and Paulay  

(1975) recommended to use a value of 0.004  rather than 0.003 as suggested by several 

codes, such as ACI-318 code (clause 10.2.3) (ACI-318-95, 2008). Based on these 

findings, a value of 0.004 is used to calculate the strength of PC members in this study.  

 

4.4.2 Ultimate concrete strain of a confined section 

The evaluation of the ultimate compressive strain εcu is needed for estimating curvature 

and rotation capacity of a confined section. A number of empirical equations based on 

key experimental works have been suggested (Kaar and Corley, 1977; Scott et al., 1982; 

Papia and Russo, 1989; Paulay and Priestley, 1992). Two of the predictive equations of 

the ultimate compressive strain proposed by Papia and Russo  (1989) and Paulay and 

Priestley  (1992) are reviewed below. 

 

4.4.2.1 Predictive equation by Papia and Russo  (1989) 

Papia and Russo  (1989) proposed an equation for calculating the ultimate compressive 

strain, which is based on the limit stability condition of the reinforced bars. The analytical 

method of the proposed equation depends on the slenderness of the bar length with respect 

to the spacing of the hoops and their stiffness. The following are approximate analytical 

expressions of the ultimate compressive strain in confined concrete taking into account 

the expected buckling of the longitudinal reinforcement: 
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where  
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4
λ

l

d
          (4.20) 

ρ p hotk q E          (4.21) 

maxλ 2 ro

y

E

f
         (4.22)  

maxλ 54  for  1.5u

y

f

f
      (4.23) 

maxλ 62  for  1.7u

y

f

f
      (4.24) 

Where k is the lateral stiffness parameter of the transverse reinforcement, Ehot , Ero and 

εho are the tangent modulus, reduced modulus of elasticity and strain at the onset of strain 

hardening in longitudinal reinforcement, respectively. 2q   for octagonal hoops, while 

in other cases 2q  ; ρp is a ratio of the volume of the perimeter hoops to the volume of 

concrete core. λ is the slenderness of the region’s longitudinal bar having d as the diameter 

and a length equal to the hooping spacing l . ζ , η  and ξ  are non-dimensional parameters. 

uf and 
yf are the ultimate strength and yield strength of the longitudinal bar respectively. 

The above predictive equation is applicable only if the slenderness parameter is λ 7 and 

the hoop stiffness is 2.5k  . This ratio also coincides with the test results of the steel 

bars under compressive monotonic load of the bars (Monti and Nuti, 1992) 

The validity of the equation (4.16) was compared by the author with experimental results 

obtained from a set of 16 column tests. The equation was also compared to equations 

provided by Kaar and Corley  (1977) and Scott et al.  (1982). Figure 4.5 shows the 

comparison between the ultimate strain obtained from a set of 16 column tests and 

predictive equations. It has been confirmed by the author that the value εcu suggested by 

Kaar and Corley  (1977) was overly conservative. 

It is clear from Table 4.1 that the equations provided by Scott et al.  (1982) and Papia and 

Russo  (1989) give values closer to the experimental results obtained from Table 4.1. 

However, it was also confirmed that the values εcu  predicted by Scott et al.  (1982), are 

not conservative for the first eight specimens. Based on the findings above, the equation 

proposed by Papia and Russo  (1989) seems more reliable. 
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Figure 4.5. Comparison of the ultimate concrete strain between the predictive strain equations 

and experimental results obtained from previous study (after Papia and Russo, 1989). 

Table 4.1. Experimental results of column tests obtained from previous study (after Papia and 

Russo, 1989). 

Specimen 

ɛcu 

experimental 

max. ɛcu 

predictive equations 
Predict/Exper. 

ɛcu 

at ultimate 

load 

[1] 

Kaar and 

Corley  

(1977) 

[2] 

Scott et al.  

(1982) 

[3] 

Papia and 

Russo  (1989) 

[4] 

[2]/[1] [3]/[1] [4]/[1] 

4C6-5 0.0183 0.0109 0.0307 0.0235 0.596 1.678 1.284 

4A1-13 0.0130 0.0041 0.0139 0.0169 0.315 1.069 1.300 

2A5-14 0.0210 0.0118 0.0321 0.0239 0.562 1.529 1.138 

2A5-15 0.0273 0.0122 0.0328 0.0333 0.447 1.201 1.220 

2C6-18 0.0253 0.0118 0.0322 0.0257 0.466 1.273 1.016 

4B4-20 0.0250 0.0080 0.0251 0.0218 0.320 1.004 0.872 

4B6-21 0.0223 0.0119 0.0322 0.0279 0.534 1.444 1.251 

4D6-24 0.0265 0.0121 0.0326 0.0260 0.457 1.230 0.981 

12 0.0167 0.0049 0.0170 0.0131 0.293 1.018 0.784 

13 0.0203 0.0062 0.0209 0.0190 0.305 1.030 0.936 

14 0.0289 0.0074 0.0239 0.0175 0.256 0.827 0.606 

15 0.0304 0.0114 0.0314 0.0243 0.375 1.033 0.799 

17 0.0214 0.0047 0.0164 0.0208 0.220 0.766 0.972 

18 0.0287 0.0059 0.0200 0.0276 0.206 0.697 0.962 

19 0.0359 0.0070 0.0229 0.0258 0.195 0.638 0.719 

20 0.0382 0.0105 0.0300 0.0336 0.275 0.785 0.880 

Average 0.025 0.009 0.026 0.024 0.364 1.076 0.982 
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4.4.2.2 Predictive equation by Paulay and Priestley  (1992) 

To simply estimation of ultimate compressive strain of a confined core section,  Paulay 

and Priestley  (1992) proposed an equation that takes into account a number of 

confinement parameters, as follows 

'0.004 1.4 /cu s yh sm ccf f          (4.25) 

where εsm is the steel strain at maximum tensile stress and ρs is the volumetric ratio of 

confining steel. For a rectangular section, ρs = ρx + ρy. fyh is yield strength of the transverse 

reinforcement and f’cc is the compressive concrete strength of confined sections. 

Table 4.2. Comparison study of ultimate compressive strain based on the experimental results of 

column tests obtained from previous studies. 

Specimens 

(Source 

refers to 

Table 4.3) 

ɛcu 

experimental 

max. ɛcu 

predictive equations 
Predict/Exper. 

ɛcu 

at crushing of 

concrete 

cover 

ɛcu 

at ultimate 

 

[1] 

Papia and 

Russo  (1989) 

 

[2] 

Paulay and 

Priestley  (1992) 

 

[3] 

[2]/[1] [3]/[1] 

Unit 1 0.005 0.016 0.0177 0.0220 1.106 1.375 

Unit 2 0.005 0.026 0.0229 0.0210 0.881 0.808 

NC-1 N/A 0.046 0.0098 0.0460 0.213 1.000 

NC-2 N/A 0.063 0.0098 0.0450 0.156 0.714 

NC-3 N/A 0.036 0.0098 0.0440 0.272 1.222 

NC-4 N/A 0.036 0.0098 0.0380 0.272 1.056 

NC-5 N/A 0.047 0.0098 0.0440 0.209 0.936 

NC-8 N/A 0.085 0.0098 0.0460 0.115 0.541 

AS-3 0.0045 0.038 0.0108 0.0330 0.284 0.868 

AS-17 0.005 0.033 0.0108 0.0340 0.327 1.030 

AS-18 0.0062 0.042 0.0145 0.0460 0.345 1.095 

AS-19 0.0063 0.036 0.0108 0.0270 0.300 0.750 

AS-3H 0.0019 0.023 0.0108 0.0240 0.470 1.043 

AS-18H 0.0021 0.025 0.0145 0.0340 0.580 1.360 

AS-20H 0.0035 0.05 0.0223 0.0400 0.446 0.800 

AS-17H N/A N/A 0.0108 0.0230 N/A N/A 

AS-2HT 0.0024 N/A 0.0147 0.0430 N/A N/A 

AS-3HT 0.0022 N/A 0.0147 0.0430 N/A N/A 

AS-4HT 0.0023 N/A 0.0179 0.0620 N/A N/A 

AS-5HT 0.0029 N/A 0.0206 0.0470 N/A N/A 

AS-6HT 0.0027 N/A 0.0250 0.0580 N/A N/A 

AS-7HT 0.003 N/A 0.0138 0.0300 N/A N/A 

C100B60N15 0.0029 N/A 0.0258 0.0240 N/A N/A 

C100B60N25 0.00331 N/A 0.0252 0.0300 N/A N/A 

C100B60N40 0.00333 N/A 0.0258 0.0240 N/A N/A 

C100B130N15 0.0029 N/A 0.0091 0.0150 N/A N/A 

C100B130N25 0.00352 N/A 0.0105 0.0180 N/A N/A 

C100B130N25 0.00329 N/A 0.0091 0.0150 N/A N/A 

C80B60N40 0.003 N/A 0.0269 0.0380 N/A N/A 

C120B60N40 0.0035 N/A 0.0269 0.0290 N/A N/A 

C100BH55N40 0.0033 N/A 0.0288 0.0330 N/A N/A 

C100BH80N40 0.0033 N/A 0.0205 0.0260 N/A N/A 

C100BH55N52 0.0034 N/A 0.0288 0.0350 N/A N/A 

C100B60N52 0.0033 N/A 0.0269 0.0280 N/A N/A 

Average 0.0035 0.0401 0.0169 0.0343 0.398 0.973 
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The predictive equation of Paulay and Priestley  (1992) is also compared to the one 

provided by Papia and Russo  (1989). This is achieved by comparing their studies using 

the results in Table 4.1. It can be observed that the equation of Papia and Russo  (1989) 

predicts the values of the ultimate strain closer to experimental results for the first two 

specimens, as shown in Table 4.2, while the other experimental results are over-

conservatively predicted. Therefore, based on these findings, the predictive equation 

suggested by Paulay and Priestley  (1992) is used to predict the ultimate compressive 

strain, in this study. 

4.5 Ductility demand and ductility capacity  

4.5.1 Curvature ductility demand and curvature ductility capacity 

The ductility of an RC section can be expressed by the curvature ductility ratio μϕ. There 

are two types of curvature ductility that should be considered. Firstly, there is the 

curvature ductility demand μd-ϕ , which is the source of the inelastic structural deformation 

in potential plastic hinges at the critical region of the RC members. Secondly, there is the 

curvature capacity ductility μc-ϕ, which is the curvature to be relied on. The general 

expression of the curvature ductility is given by 

y







         (4.26)  

where, ϕ can either represent the maximum imposed curvature (ϕmax) under an earthquake 

load used to evaluate the curvature ductility demand μd-ϕ, or it can refer to section 

curvature at failure ϕf used to evaluate the curvature ductility capacity μc-ϕ, ϕy is the yield 

curvature. 

The section curvature at failure ϕf estimates for required ductility have been defined by 

recommended limits by Paulay and Priestley  (1992): 

- A 15-20% reduction observation in the lateral strength response of a structure 

using either an elasto-plastic or a bilinear approximation of the structural force-

displacement response. 

- A 15-20% reduction (See Figure 4.6) observation in the moment- curvature 

response of an RC section using either elasto-plastic or a bilinear approximation 

of the moment- curvature relationship. 

In terms of ϕy,  Park and Paulay  (1975) defined the yield curvature when a tension steel 

bar of an RC section first reaches the yield strength. However, this is not always the case 
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especially if the reinforcement bars are distributed around the section as would be the 

case for circular columns (Paulay and Priestley, 1992). For such typical cases, the yield 

curvature 
y
 is estimated for an RC beam section as 1.33 times the first yield curvature. 

Therefore, it is appropriate to adopt the criterion proposed by Paulay and Priestley  (1992) 

by defining the slop of the elastic region of the equivalent elasto-plastic response by the 

secant stiffness at the first yield as shown in Figure 4.6.  

 

Figure 4.6. Definition of yield ϕy and curvature at failure ϕf (after Paulay and Priestley, 1992). 

4.5.2 Rotational ductility demand and rotational ductility capacity 

The general definition of rotation ductility capacity is expressed by the following ratio 

 
y







         (4.27) 

where, 𝜃 represents either the maximum plastic rotation 𝜃max at the critical region of RC 

member imposed by an earthquake ground motion or the required rotation of the plastic 

hinge at failure
f . 

The empirical procedures for estimating 𝜃max of an RC member subjected to monotonic 

loading is reported by Penelis and Kappos  (1997). The simplest way to account for the 

available rotation capacity of a member is given as 

  max max y pl           (4.28) 

where 𝑙𝑝 is the plastic hinge length. 

In this study, the estimation of the plastic hinge length occurs either where the internal 

moment of an PC member exceeds the yield moment (Park and Paulay, 1975) or by using 

the predictive equation proposed by Paulay and Priestley  (1992) whichever has the 

smallest length. The adopted predictive equation of the plastic hinge length is explained 

in detail in section 4.6. 
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The rotation of the plastic hinge at the failure level 𝜃𝑓 is an extremely important indicator 

of the capacity of a section to sustain inelastic deformation, and it is given by  

  
 

2

f y

f pl
 




         (4.29)   

4.5.3 Displacement ductility demand and displacement ductility capacity 

The most convenient quantity to evaluate either the ductility imposed on a structure by 

earthquake ground motion (μd-∆) or the capacity of the structure itself to develop ductility 

(μc-∆) is displacement.  The displacement ductility demand μd-∆ is defined as the maximum 

ductility that the structure can reach during a seismic action. Ductility capacity μc-∆ is the 

maximum ductility at which the structure can be considered safe. Thus the general 

displacement ductility is expressed by 

y







        (4.30) 

where,  can represent the maximum imposed displacement ∆max and the inter-storey 

displacement at failure ∆f for displacement ductility demand and displacement ductility 

capacity respectively while ∆y  is a displacement when yielding occurs. In a nonlinear 

analysis of a structure responding to an earthquake in the inelastic range, it is found that 

it is usually the maximum displacement demand ∆max, is the maximum displacement 

measured at the top of columns or at roof level (Park and Paulay, 1975).  

The definition of ∆f is not straightforward. A number of criteria associated with the global 

behaviour of the structure have been suggested by Park  (1989). The recommended 

criteria are 

 Global failure criterion due to exceeding of inter-storey drift beyond a specific 

limit (2%). The inter-storey drift ratio might be set as a collapse limit or a cost 

effective repairability limit (Kappos, 1991) while the displacement ductility 

capacity is the ability of structural members or structure to sustain inelastic 

deformation without excessive strength degradation. On the other hand, the 

displacement ductility capacity can be obtained from equation 4.30 (Paulay and 

Priestley, 1992), while the inter-storey drift ratio is often defined as  1 /i i ix x h  

(Penelis and Kappos, 1997) , where 𝑥𝑖 and 𝑥𝑖−1 denote the horizontal 

displacements of two adjacent floors and ℎ𝑖 the corresponding storey height. More 

recently it has been shown that at values of inter-storey drift in excess of 4%, the 

loss of moment capacity is significant and reducing lateral force resistance of the 
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vertical structural members and precipitating failure (Legeron and Paultre, 2000; 

Paultre et al., 2001).   

 Global failure criterion due to a drop in about 15-20% at softening region in the 

lateral strength of the structure.  

A definition of yielding displacement ∆y has been previously attempted. In the case of an 

elasto-plastic system, the deflection at first yield ∆y is well defined (Simeonov et al., 

1985). Figure 4.7 shows the most general and realistic yield criterion for RC structures. 

In this approach, the definition of yield displacement of the equivalent elastoplastic 

system is also illustrated in Figure 4.7 which is based on using a reduced stiffness at either 

first yield He or at 0.75 of the ultimate strength Hu, whichever is less. Yield criterion for 

the evaluation of the characteristic parameters of the yielding devices including stiffness, 

yield strength (Py) and yield displacement (∆y) is shown in Figure 4.8, which is adopted 

in the present study.    

 

Figure 4.7. The definition for yield displacement ∆𝑦 and  for structural level (Park, 1989) . 

 

Figure 4.8.The definition for yield displacement ∆𝑦 for yielding devices (Wen, 1976). 
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4.6 Predictive equations to evaluate the plastic hinge length of an RC member 

 A large number of predictive plastic hinge length equations have been suggested over 

the past few decades to be able to estimate the plastic hinge length of an RC column 

(Priestley and Park, 1987; Paulay and Priestley, 1992; Bae and Bayrak, 2008; Ning and 

Li, 2015). These proposed predictive equations are listed below: 

0.08 6p bl l d     (Priestley and Park, 1987) (4.31) 

  0.08 0.022p b yl l d f    (Paulay and Priestley, 1992) (4.32) 

0
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(Bae and Bayrak, 2008)  (4.33) 
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0.042 0.072 0.298 6.407p b

P
l l h d

P

 
    

 
(Ning and Li, 2015) (4.34)  

where  '

0 0.85 c g s y sP f A A f A    and other variable definitions are included in the 

section below. 

For validation of these equations only using a section configuration adopted in the present 

study, a survey of experimental databases from 34 columns are obtained from previous 

studies. Table 4.3 summarises the specimen characteristics, including the sectional width 

b, sectional depth h, shear distance L, sectional effective depth d, compressive strength of 

concrete f’c, diameter of the reinforced bar db longitudinal reinforcement ratio ρs, 

transverse reinforcement ratio ρv, yield strength of longitudinal reinforcement fy, yield 

strength of transverse reinforcement fvy, transverse spacing s and axial load ratio P/P0. 

Furthermore, the observed plastic hinge length ratio lp/h is also included in the last 

column.  

The scatter diagram of the complete set of experimental and predictive plastic hinge 

length ratios is shown in Figure 4.9. This diagram also shows a cross- section of RC 

columns using a hoop configuration adopted in the subsequent chapters. It is observed 

that existing models have large discrepancies with most points lying below or above the 

45 degree line, especially when the ratio of plastic hinge length is relatively large. The 

approach for estimating the plastic hinge length of RC columns, proposed by Ning and 

Li  (2015), using the mean value of four model parameters from the predictive models 

above is identical to the proposed model suggested by  Paulay and Priestley  (1992). 

However, it has been found that the predictive equations by Priestley and Park  (1987) 

and Paulay and Priestley  (1992) are the closest to the experimental results when 

compared to others studies. Based on these findings, the predictive equation proposed by 

Paulay and Priestley  (1992) is used in this study. 
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Table 4.3. Column test results obtained from previous studies. 

authors Specimen 
b 

[mm] 

h 

[mm] 

L 

[mm] 

d 

[mm] 

f'c 

[MPa] 

Longitudinal 

reinforcement 

Transverse 

reinforcement. 
P/P0 

Observed 

plastic hinge 

length ratio 
 

lb/h 

db 
[mm] 

ρs 
 

fy 
[MPa] 

s 
[mm] 

ρv 
 

fvy 
[MPa] 

P
ar

k
 

et
 a

l.
  

(1
9
8

2

) 

Unit 1 550 550 1200 488 23.1 24 0.0179 375 80 0.015 297 0.26 0.44 

Unit 2 550 550 1200 488 41.4 24 0.0179 375 75 0.23 316 0.214 0.34 

A
zi

zi
n

am
in

i 
et

 a
l.

  
(1

9
8

8
) NC-1 457 457 1372 400 38.88 25.4 0.0195 439 100 0.0219 454 0.3 0.56 

NC-2 457 457 1372 400 39.30 25.4 0.0195 439 100 0.0219 454 0.2 0.67 

NC-3 457 457 1372 400 40.19 25.4 0.0195 439 100 0.0219 454 0.4 0.44 

NC-4 457 457 1372 400 39.85 25.4 0.0195 439 100 0.0126 454 0.3 0.67 

NC-5 457 457 1372 400 39.36 25.4 0.0195 439 100 0.0216 454 0.3 0.56 

NC-8 457 457 1372 400 37.99 25.4 0.0195 439 100 0.0219 454 0.3 0.56 

S
h

ei
k
h

 a
n
d

 

K
h

o
u

ry
  

(1
9
9

3
) AS-3 305 305 1473 271 33.16 19.5 0.0288 507 108 0.0168 507 0.5 0.96 

AS-17 305 305 1473 271 31.3 19.5 0.0288 507 108 0.0168 507 0.63 1.05 

AS-18 305 305 1473 269.8 32.75 19.5 0.0290 507 108 0.0306 464 0.63 0.99 

AS-19 305 305 1473 271 32.26 19.5 0.0288 507 108 0.0130 507 0.39 1.16 

S
h

ei
k
h

 e
t 

a
l.

  

(1
9
9

4
) 

AS-3H 305 305 2434 271 54.12 19.5 0.0288 507 108 0.0168 507 0.59 1.06 

AS-18H 305 305 1475 269.8 54.67 19.5 0.0290 507 108 0.0306 464 0.61 0.89 

AS-20H 305 305 1475 269.8 53.64 19.5 0.0290 507 76 0.0430 464 0.61 1.08 

AS-17H 305 305 1475 271 59.08 19.5 0.0288 507 108 0.0168 507 0.62 1.06 

(B
ay

ra
k

, 
1
9

9
8

) 

AS-2HT 305 305 1473 270.6 71.7 19.5 0.0258 454 90 0.0284 542 0.36 0.97 

AS-3HT 305 305 1473 270.6 71.8 19.5 0.0258 454 90 0.0284 542 0.50 0.90 

AS-4HT 305 305 1473 268.3 71.9 19.5 0.0258 454 100 0.0512 463 0.50 0.89 

AS-5HT 305 305 1473 268.3 102 19.5 0.0258 454 90 0.0483 503 0.48 0.86 

AS-6HT 305 305 1473 268.3 102 19.5 0.0258 454 76 0.0672 463 0.49 1.05 

AS-7HT 305 305 1473 270.6 102 19.5 0.0258 454 94 0.0272 542 0.48 0.88 

(L
eg

er
o

n
 a

n
d

 P
au

lt
re

, 

2
0

0
0

) 

C100B60N15 305 305 2150 270.6 92.40 19.5 0.0215 451 60 0.0426 391 0.15 0.67 

C100B60N25 305 305 2150 270.6 93.30 19.5 0.0215 430 60 0.0426 404 0.30 0.74 

C100B60N40 305 305 2150 270.6 98.20 19.5 0.0215 451 60 0.0426 418 0.42 1.64 

C100B130N15 305 305 2150 270.6 94.80 19.5 0.0215 451 130 0.0196 391 0.15 0.61 

C100B130N25 305 305 2150 270.6 97.70 19.5 0.0215 430 130 0.0196 404 0.28 1.03 

C100B130N25 305 305 2150 270.6 104.3 19.5 0.0215 451 130 0.0196 418 0.40 1.97 

(P
au

lt
re

 e
t 

a
l.

, 
2

0
0

1
) 

C80B60N40 305 305 2150 270.6 78.70 19.5 0.0215 446 60 0.0426 438 0.41 1.02 

C120B60N40 305 305 2150 270.6 109.2 19.5 0.0215 446 60 0.0426 438 0.45 1.51 

C100BH55N40 305 305 2150 270.6 109.5 19.5 0.0215 446 55 0.0330 825 0.38 1.48 

C100BH80N40 305 305 2150 270.6 104.2 19.5 0.0215 446 80 0.0227 825 0.4 1.57 

C100BH55N52 305 305 2150 270.6 104.5 19.5 0.0215 446 55 0.0330 744 0.57 1.74 

C100B60N52 305 305 2150 270.6 109.4 19.5 0.0215 446 60 0.0426 418 0.55 1.51 
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Figure 4.9. Scatter diagram of experimental and predicted plastic hinge length ratio. 

 

 

4.7 A nonlinear model for the inelastic analysis of PC structures  

The purpose of an inelastic analysis of PC structures is to predict the response of the 

structure at any state, under a given loading history. Recent test results and theoretical 

studies show that PC structures subjected to strong earthquake ground motion may exhibit 

inelastic behaviour (Ferrara et al., 2004). Therefore, the assumption of linear structural 

response has to be eliminated in the design, especially, for the purposes of structural 

retrofit. A reliable inelastic analysis of PC framed structures using FE should be able to 

predict the nonlinear performance of the PC members and their connections. This can be 

achieved by using a fibre element approach with elaborate material models for concrete 

and steel.  

    

4.7.1 Concrete models  

4.7.1.1 Description of monotonic concrete curve envelopes  

In the present study, the monotonic envelope given by Popovics  (1973) has been adopted. 

The model (see Figure 4.10) can be used to predict the uniaxial compression strain versus 

the stress relationship for both confined (with a confinement factor of 𝐾 > 1) and 
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unconfined (with a confinement factor of 𝐾 = 1) concrete. The following equations 

define the model in full:  

'
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Using the notations of Figure 4.10: 𝑓𝑐
′ is the compressive strength of unconfined concrete; 

𝑓𝑐𝑐
′ is the peak stress of confined concrete; 𝑥 is normalised concrete strain; 휀𝑐𝑐 is the strain 

at maximum concrete stress; 휀𝑐𝑜is the longitudinal concrete, typically with a value of 

0.002 (Mander et al., 1988; Penelis and Kappos, 1997); 𝐸𝑐 is the initial modulus of 

elasticity of concrete (in MPa); and Esec is the secant modulus of elasticity of concrete at 

peak stress (in MPa). 

The stress- strain behaviour of the unconfined concrete, the part of the falling branch in 

the region where 휀𝑐 > 2휀𝑐𝑜 (see Figure 4.10), has been assumed to be a straight line which 

reaches zero stress at the spalling strain (휀𝑠𝑝), 휀𝑐 > 휀𝑠𝑝 (Mander et al., 1988). 

The effect of the tensile strength of conventional concrete under seismic load is 

recommended to be ignored because of its variable nature and with the possible influence 

of shrinkage or movement-induced cracking (Paulay and Priestley, 1992). However, to 

define the envelope of stress-strain of concrete material either confined or unconfined 

concrete, SAP2000 required an envelope for concrete in tension. Thus, for this purpose, 

the experimental data of the tensile strength of concrete provided by Rots et al.  (1985) 

can be used or by following the highly conservative values of the peak tensile strength of 

the concrete whichever has the smallest value. 
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' '0.5t cf f   (concrete in direct tension)    (4.42) 

' '0.75t cf f   (concrete in flexural tension)    (4.43) 

Where, 𝑓𝑡
′ is the peak tensile concrete strength of and 𝑓𝑐

′ is the compressive strength of 

concrete in MPa 

In terms of the tensile strain of concrete, the complete definition of strain expression is 

given below:  

0.1ct co   (at peak strain) (Mander and Karthik, 2011)  (4.44)  

'

18

5

f

u

t

G

f h
   (at failure strain) (Rots et al., 1985)   (4.45) 

1

2

9

u
t


   (at ultimate strain) (Rots et al., 1985)   (4.46) 

where, Gf is the fracture energy while h is crack band width. An overview of the data 

which suggests that fracture energy Gf  and the crack band width h to be a dependent 

property can be found in Rots et al.  (1985).   

 

Figure 4.10. Stress-strain model for confined and unconfined concrete (Mander et al., 1988). 

 

4.7.1.2 Evaluation of confinement factor K 

Sheikh and Uzumeri  (1980) developed a model for evaluating the effective lateral 

confining pressure (K) on a rectangular RC section. Confinement can be generated by 
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adequately transverse reinforcement by adequately closed hoops, or cross-ties. This 

model results in a modification of the effective stress-strain relationship of the concrete 

material. Confinement factors have also been included in design codes (Eurocode 2, 

2004) by using a simplified approaches. The model of Sheikh and Uzumeri  (1980)  has 

been adopted in the present study and the analytical expressions of the model are given 

by 

' ' '

' ' '
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where, ef  is confinement stress acting on the concrete, ek is the confinement 

effectiveness coefficient. eA  is the area of effectively confined concrete with n 

longitudinal bars. ccA is the area of concrete enclosed by the centreline of the perimeter 

hoop within width cb  and depth cd while cA is the area of a core enclosed by the centreline 

of the perimeter hoop. sA  is the total area of longitudinal reinforcement steel. In addtion, 

the definition of shxA and 
shyA are the total area of transverse reinforcement running in the 

x  and y direction of the cross- section, respectively. '

exf   and '

eyf are the effective lateral 

confining stress in the x  and y direction of the cross-section respectively. 

 

For orthogonal confining stress, the weighted average of '

ef  is given as  
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       (4.56) 

The confinement factor K based on the equation 4.47 should take 1.0 if ' 2 cs b  and  

' 2 cs d , where 
's  is the clear spacing between the two consecutive hoops.  

Figure 4.11 shows an example of the confinement effects for four specimens obtained 

from Table 4.3. It is clear from the figure that there is an increase in terms of strength and 

ductility due to confinement effects.  

 

Figure 4.11. Confinement effects. 

 

4.7.1.3 Cyclic model for concrete 

The hysteresis type of unreinforced concrete model provided by SAP2000 is used as a 

cyclic model for concrete in the present work. It is able to model the compression and 

tension hysteretic behaviour of confined and unconfined concrete materials. Other robust 

models, such as those by Mander et al.  (1988) and Martinez-Rueda and Elnashai  (1997) 

can model the cyclic response of a concrete material. These, however, are not available 

in SAP2000.   

Due to the limitation of this model, there is only one parameter that can control the 

hysteretic behaviour of the material. This parameter is referred to ( f ) or the energy 

degradation factor of the material, ranging between (0.0 ≤  f  ≥ 1.0) (Computer and 

Structures In‛, 2015).  



70 
 

To exemplify the energy degradation effects, the strain load history shown in Figure 4.12 

was used. In this example, a cyclic compression of concrete for a compressive strength 

of f’c of 23.1 MPa with confinement factor K =1.42 is used. Figure 4.13 shows a cyclic 

response of a confined concrete material for the energy factor  f = 0, while Figure 4.14 

shows the response of the same material using the energy factor f = 1.0. It can see that 

the subsequent loading in compression occurs along the previous unloading branch if the 

f = 0.0, while if the f =1.0, the compression loading occurs along the secant from the 

origin to the point of maximum previous compressive deformation. Therefore, the 

concrete material response using a factor f = 0.0 dissipates the least amount of energy 

compared to the response under f =1.0. It seems that the material response under energy 

factor f = 0.0 is more realistic than the response under energy factor f = 1.00.  

 

Figure 4.12. Strain load history for confinement concrete under cyclic compression loading. 

 

Figure 4.13. Stress-strain diagram for confined concrete material factor f = 0.0 under repeated 

loading energy. 
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Figure 4.14. Stress-strain diagram for confined concrete material factor f = 1.0 under repeated 

loading energy. 

 

4.7.2 Steel model  

4.7.2.1 Monotonic model of steel 

The monotonic stress-strain (𝜎𝑠 − 휀𝑠) curve of steel proposed by Park and Sampson  

(1972) is used for both steel reinforcing bars and yielding devices as illustrated in Figure 

4.15. This steel model is applicable for both tension and compression (Park and Sampson, 

1972; Penelis and Kappos, 1997). The monotonic stress-strain curve of steel has three 

regions: an elastic (AB) with its slope equal to the modulus of elasticity (𝐸𝑠); a perfectly 

plastic (BC); and a strain-hardening region (CD). Further details of the material 

relationship of steel can be found in Park and Paulay  (1975) and Filippou et al.  (1983) . 

The expression representing the stress-strain (𝜎𝑠 − 휀𝑠) curve model of steel (using the 

notation of 4.15) as a function of strain are: 
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Where, fy and  εy are the stress and stain at the onset of yield, εsh is strain hardening and 

the ultimate stress and ultimate strain are  fu and εsu, respectively.   

Numerical values for the stresses and strains at the onset of yield (fy, εy), strain hardening 

(εsh), and ultimate (fu, εsu) are necessary for use stress-strain curve shown in Figure 4.15, 

respectively. These points can be located from stress-strain curves of steel obtained from 

tests. In the present study, these values was obtained from experimental stress-strain 

curves of steel (Ma et al., 1976; Penelis and Kappos, 1997; Legeron and Paultre, 2000). 

Table 4.4 shows typical mild steel properties and typical steel reinforcement properties 

from other experimental studies, which have been adopted in the present work. For both 

steel types, they are characterised by an initial linearly elastic portion of the stress-strain 

relationship, with a modulus of elasticity of approximately 𝐸𝑠= 200 GPa.  

 

Figure 4.15. Stress-strain model to represent the monotonic curve model of steel reinforcement 

and metal (Park and Paulay, 1975). 

 

Table 4.4. Typical mild steel and typical steel reinforcement properties obtained from 

experimental tests (Penelis and Kappos, 1997; Legeron and Paultre, 2000) 

𝑓𝑦 

[MPa] 

𝑓𝑢 
[MPa] 

휀𝑦 휀𝑠ℎ 휀𝑠𝑢 휀𝑓 [
𝑓𝑢

𝑓𝑦
] [

휀𝑠ℎ

휀𝑦
] [

휀𝑢

휀𝑦
] [

휀𝑓

휀𝑦
] 

286 400 0.001433 0.033548 0.180 0.26 1.395 23.405 125.580 181.4 

430 661 0.00215 0.0106 0.142 N/A 1.537 4.930 66.047 N/A 
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4.7.2.2 Monotonic model of prestressing steel 

The monotonic stress-strain model of prestressing steel assumed in this study is illustrated 

in Figure 4.16. The constitutive relationship of stress-strain prestressing steel proposed 

by Blakely and Park  (1973) is used. The curve includes three regions, consisting of two 

straight lines connected by a hyperbolic curve. These regions have been shown to fit 

experimental results closely (Thompson and Park, 1978). The relation is defined by the 

following equations.  

p p pf E         if 
p pa     (4.61) 
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where, 휀𝑝 and 휀𝑝𝑎 is steel strain and pre-stress steel strain at point A (the limit of 

proportionality as shown in Figure 4.16), while 휀𝑝𝑏 and 휀𝑝𝑢 are steel strain at point B and 

at ultimate stress respectively. 𝑓𝑝 and 𝑓𝑝𝑎  are steel stress and steel stress at point A while 

𝑓𝑝𝑏 and 𝑓𝑝𝑢 are steel stress at point B and ultimate steel stress respectively. 𝐸𝑝 is the 

modulus of elasticity of steel. 

In the present study, the numerical values for the stresses and strains at each end of the 

curved region and at the ultimate stress and strain were also obtained from experimental 

stress-strain curves (Penelis and Kappos, 1997).   
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Figure 4.16. The monotonic stress-strain relationship for prestressing steel (Thompson and Park, 

1978). 

4.7.2.3 Cyclic curve model of steel 

For a nonlinear analysis under cyclic loading, with a sense of simplicity, the stress-strain 

diagram of steel may be idealised as a cyclic stress-strain curve. Under cyclic loading, the 

stress-strain properties of steel become rather different from the stress-strain properties 

associated with the monotonic curve of steel due to a lowering of the reversed yield stress. 

Other analytical models of steel such as the elastic-perfectly plastic and bilinear models 

appear to over simplify the hysteretic response of steel (Martinez-Rueda, 1997). Other 

robust models that can model the transition between monotonic and cyclic response are 

not available in SAP2000 and for practical reasons, they are beyond the scope of this 

work.  

In the present study, the cyclic model of steel was used to model the response of both the 

yield devices and the reinforcing steel bars. To generate a cyclic curve of steel for either 

metal or reinforcement steel bars, Ramberg-Osgood’s equation is used (Ramberg and 

Osgood, 1943). The following equations are used to describe this cyclic curve of steel  

n

s s
s K

E E

 


 
   

 
    (Ramberg and Osgood, 1943)  (4.64) 
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or 

 
'

'
n

s pK      (Cofie and Krawinkler, 1985)  (4.65) 

where  , K  , n ,  
'n  and 

'K  are parameters obtained usually from the curve fitting to the 

monotonic stress-strain curve;
p  is the plastic strain. 

It is to be noted that the values of 
'n  between 0 and 1 give a range of sweeping curves 

which vary between a straight line when 
'n  = 1.00 to a bilinear relationship when 

'n  = 

0.00. Figure 4.17 shows an example of the stress-strain relationship for a mild steel of 

yield strength 275 MPa using different values of 
'n . It is clear from Figure 4.17 that all 

the values of 
'n  greater than 0.08 pass through the yield plateau of the monotonic curve.  

In order to estimate the fitting value of 
'n  and 

'K , the following steps should be adhered 

to: 

 the characteristic symmetrical cyclic envelope of steel should be generated based 

on the characteristic monotonic curve of steel proposed by Park and Paulay  

(1975). Thus, the values of uf and su  obtained from the monotonic curve of steel 

are preserved in the cyclic curve of steel. 

 The plastic strain is negligibly small for stress less than a stress of about 0.75 𝑓𝑦, 

denoted as the cyclic yield strength . This was calibrated based on cyclic coupon 

test results (as described in Chapter 7).This calibration was necessary to define 

the cyclic material properties for the analysis.   

 The application of the above steps allows the solution of the parameters K  , n ,  

'n  and 
'K of the system of equations (4.64) and (4.65) respectively.  

Corresponding with the stress and strain ratios listed in Table 4.5 the estimation of 

properties for a mild steel of yield strength of 275 MPa is indicated in Table 4.6. The 

corresponding values of '

yf and '

y  for the cyclic curve of steel are 206 MPa and 

0.001031. The parameters 
'n  and 

'K of the cyclic curve were found to be 0.12 and 476 

MPa respectively. These were obtained using the equation (4.65) and was also based on 

the yield and ultimate points of the monotonic curve of steel. Figure 4.18 shows the 

monotonic and cyclic envelopes of mild steel having a yield strength of 275MPa. 
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Figure 4.17. Steel curve envelops with different values of  'n . 

 

Figure 4.18. Monotonic and cyclic curve envelops of steel. 

Table 4.5. Adopted properties of the mild steel used for monotonic curve of steel. 

yf  

[MPa] 

uf  

[MPa] 
y  

sh  
su  

f  

275 383 0.001375 0.032175 0.17 0.24 

Table 4.6. Adopted properties of the mild steel used for cyclic curve of steel. 

'

yf  

[MPa] 

'

uf  

[MPa] 

'

y  su  
f  'n  

'K  
[MPa] 

206 383 0.001031 0.17 0.24 0.12 476 
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4.7.2.4 Steel envelope for reversed cyclic loading 

The kinematic-hardening rule is commonly used to predict the cyclic hysteretic loops of 

steel under reversed loading. The model is provided by SAP2000 and it is appropriate for 

metal and reinforcement steel bars, and in particular, for ductile materials. Other robust 

models such as the multi-surface model proposed by Petersson and Popov  (1977)  that 

can model the steel under load reversals including isotropic and kinematic hardening rules 

are not available in SAP2000.   

The kinematic-hardening model defines the points on multi-linear curve, such as the 

cyclic curve of steel, so that symmetrical pairs of points can be linked. This provides 

control over the shape of the hysteretic loop even if the curve is not symmetrical, as in 

the case of reinforcement steel bars in a beam that is unlikely to experience large inelastic 

compression strain. For more details about this model can be found in Lemaitre and 

Chaboche  (1994). Figure 4.19 shows a typical cyclic response of steel with yield strength 

430 MPa using the cyclic curve of steel as back bone curve in connection with kinematic 

hardening model.  

In terms of prestressing steel, it is assumed that the stress-strain curve for monotonic 

loading with the kinematic hardening model forms an envelope stress-strain curve for 

repeated loading. This justification for using the monotonic curve of prestressed steel was 

given by the observation of the test results conducted by Blakely and Park  (1973). 

 

Figure 4.19. Analytical prediction of the cyclic behaviour of steel under reversed cyclic strains 

using a cyclic steel model. 
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4.7.3 Effectiveness of fibre element approach 

4.7.3.1 Definition of the member models 

To assess the accuracy of the theoretical approach of the fibre method using a cyclic 

model of concrete, confinement effects, a cyclic curve of steel with a kinematic hardening 

model, a large-scale testing results is selected as a case study. The experimental response 

of RC columns under reversed cyclic loading conducted by Park et al.  (1982) is compared 

with analytical results obtained from SAP2000. The experimental results from Park et al.  

(1982)  were previously studied by Martinez-Rueda and Elnashai  (1997) in study in 

connection with the hysteretic response of the RC columns. Figure 4.20 shows the test 

unit elevation cross section and the method of loading.  

 

The material properties, dimensions of the cross-section and axial load levels for the first 

two columns tested by Park et al.  (1982) are summarised in Table 4.7. The columns had 

a rectangular cross section (550 x 550 mm) and a total height of 3.3 m (see Figures 4.20a 

and b). The main steel reinforcement used in each test unit consists of 12 longitudinal 

steel bars of 24 mm diameter, with a yield strength of 375 MPa. The influence of the 

volumetric ratio and hoop spacing of the confinement steel was also studied by the author. 

In the first column unit, the hoop spacing varies from 80 at the expected plastic hinge 

zone to 135 mm elsewhere while the second column consists of a hoop spacing of 75 mm 

and 210 mm on the inside and outside of the expected plastic hinge zone, respectively 

(see Figure 4.20c). Both column units were tested by the author under different axial load 

levels subjected to the cyclic loading applied to a beam stub at the mid-height position. 

The applied axial load level was expressed by ratio P/Po and was 0.260 and 0.214 for 

units 1 and 2, respectively. 

Table 4.7. Test unit details obtained from previous test conducted by Park et al., (1982). 

Unit 
b 

[mm] 

w 

[mm] 

h 

[mm] 

d 

[mm] 

f'c 

[MPa] 

Longitudinal 

reinforcement 

Transverse reinforcement 
Axial 

load 
P, kN 

P/P0 
In plastic hinge region 

(Figure 4.20b) 
Outside plastic hinge region 

(Figure 4.20b) 

bar dia. 

[mm] 

ρs 

 

fy 

[MPa] 

No of 

hoop 

bar dia. 

[mm] 

spacing 

[s, mm] 

No of 

hoop 

bar dia. 

[mm] 

spacing 

[s, mm] 

fvy 

[MPa] 

1 550 550 1200 488 23.1 24 0.0179 375 8 10 80 5 10 135 297 1815 0.260 

2 550 550 1200 488 41.4 24 0.0179 375 8 12 75 3 12 210 316 2680 0.214 
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Figure 4.20. Tested column dimensions, reinforcement details and a method of loading (after 

Park et al., 1982). 

 

4.7.3.2 Fibre element models  

Two nonlinear fibre models of a single column member fixed at its base (see Figure 

4.20d) were generated in this study. Each model contains two types of section details in 

accordance with the amount of transverse reinforcement in the units 1 and 2. For the first 

column model (UNIT-1), the confinement factors of 1.4 and 1.2 were calculated while 

1.36 and 1.10 were used for the second column model (UNIT-2). The values of the 

confinement factors (1.4 and 1.2) estimated for the UNIT-1 model in this study were also 

identical to those confinement factors used by Martinez-Rueda and Elnashai  (1997) for 

the hoop spacing of 80 and 135 mm, respectively. All calculated confinement factors 

above were estimated to be inside and outside the expected plastic hinge region 

respectively. In the present work, the expected plastic hinge length 
pl  was estimated 

based on the adopted predictive equation described in section 4.6.  

The steel bars were modelled using a monotonic and cyclic curve of steel, as described in 

section 4.7.2. The values for the stresses and strains of steel bars at yield and at the 

ultimate points were previously estimated by Martinez-Rueda and Elnashai  (1997) from 

experimental stress-strain curves for typical steel strength 400 MPa. Corresponding 

values of 𝑓𝑦
′ and 휀𝑦

′  for the cyclic curve of steel are 319 MPa and 0.001594. The 
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parameters 
'n  and 'K  of the cyclic curve were found to be 0.17 and 942 MPa. These were 

obtained using equation (4.65) and based on the yield and ultimate points of the 

monotonic curve. 

 

The cyclic model of confined and unconfined concrete is described in section 4.7.1.2 

while the type of the cyclic model of steel using a cyclic curve with a kinematic hardening 

model is described in section 4.7.2.4. Furthermore, it has been suggested that the P-delta 

effects are included within the analysis for the column models. 

A very fine subdivision is used for each cross-section for monitoring the inelastic 

behaviour of the entire columns as shown in Figure 4.21. The RC cross section (Figure 

4.21) was divided into 123 nonlinear fibres including 80 unconfined cover fibres, 31 

confined core concrete fibres and 12 steel bar fibres for both units. Figure 4.21 shows the 

discretisation schemes for typical RC column sections using concrete and steel fibres for 

both models (UNIT-1 and UNIT-2). Convergence studies showed that there is no need 

to refine the mesh further. 

 

Figure 4.21. Section discretisation using concrete and steel fibres for UNIT-1 and UNIT-2 

models. 

 

4.7.3.3 Validation under reversed cyclic loading  

4.7.3.3(i) UNIT-1   

The analytical results obtained from the UNIT-1 model are compared to the measured 

load-displacement relation in Figure 4.22. There is a good agreement between the 

experimental and analytical results even though the model is clearly much stiffer than the 

specimens, particularly, the early stages of the hysteretic response. Since the FE model 

presently only accounts for flexural deformation without considering the effects of shear 

deformations, bond-slip of reinforcing bars and the buckling of the longitudinal 
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reinforcing bars on the damage state of the members. This observation was also confirms 

by  (Spacone et al., 1996b). However, the discrepancy is small before yielding at the 

tested column takes place. Furthermore, a small discrepancy is observed in the post-yield 

cycles in terms of stiffness degradation and energy absorption.    

The experimental results of the column UNIT-1 has been previously used in the 

validation of a new cyclic model for confined concrete (Martinez-Rueda & Elnashai, 

1995; Martinez-Rueda 1997) as implemented in the non-linear FE program ADAPTIC 

(Izzudin, 1991). The measured response by Park et al.  (1982) and the FE results of 

ADAPTIC reported in Martinez-Rueda and Elnashai  (1997) are compared in Figure 4.23. 

In general, the FE results in Figure 4.23 are in a good agreement with the observed 

experimental behaviour but the FE model overestimates the strength of the column at low 

displacements. However, the difference in response decreases for larger displacements. It 

was also mentioned by the authors that at the maximum displacement, the analysis 

underestimates the strength of the specimen in less than 5%. Furthermore, it seems that 

the model is clearly stiffer than the specimen, particularly, in the early stages of the 

hysteretic cycles. In contrast, the load capacity of the column at early and post-yield 

hysteretic cycles obtained from the FE model (UNIT-1) is in accordance with the 

observed experimental behaviour. The only slight discrepancy occurs at the strength of 

the column at low negative displacements: the model exhibits earlier loss of strength, as 

opposed to the higher strength of the experimental results.   

Based on Figure 4.22 it was also observed that the hysteresis loops from the FE prediction 

(UNIT-1) can more closely match the pinching hysteretic response than that FE model 

observed by Martinez-Rueda and Elnashai  (1997).  However, it is not the purpose of the 

current study to discuss the confined concrete model proposed by Martinez-Rueda and 

Elnashai  (1997) in detail, only a general explanation is provided. Further details of the 

confined concrete model can be found elsewhere (Martinez-Rueda, 1997). The 

differences between the FE predictions in Figures 4.22 and 4.23 may be due to. 

 different FE programs being used  

 different use of material models (steel and concrete) in each FE program. 

 different approaches to estimate the main parameter of material models. 
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Figure 4.22. Comparison of experimental results and analytical prediction for the UNIT-1 

model under cyclic loading. 

 

Figure 4.23. Comparison of experimental results and analytical prediction for UNIT-1 under 

cyclic loading conducted by Martinez-Rueda and Elnashai  (1997). 
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4.7.3.3(ii) UNIT-2   

Figure 4.24 shows the comparison of hysteretic responses between the FE model of 

UNIT-2 and experimental results subjected to the lateral load taking into account P-delta 

effects. To compare the hysteretic response obtained from the UNIT-2 model and 

experimental results of the second column unit, it is evident that the fibre approach 

performs just as well. The hysteresis loops from the FE prediction can adequately capture 

the inelastic response of the RC column. The results also indicated that the FE model was 

also able to match the pinching (Figure 4.24) of the hysteretic response for the RC 

column. This model is again capable of predicting the cyclic response of the RC column 

under the high axial force.  

The pushover response obtained from the FE model UNIT-2 also performed with and 

without P-delta effects is shown in Figure 4.25. There is an approximately 11% drop in 

the column strength due to P-delta effects. This drop may increase with larger horizontal 

displacements.  

 

 

Figure 4.24. Comparison of experimental results and analytical prediction (UNIT-2) for the 

second column unit under cyclic loading. 
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Figure 4.25. Pushover response of the column model of UNIT-2 with and without P-delta 

effects. 

 

4.8 Concluding remarks 

In order to monitor the overall seismic performance of the structure, the ductility demand 

and ductility capacity in terms of displacement, curvature, and plastic hinge rotation were 

defined in this chapter. These parameters are also important to monitor the degree of 

damage on the members of the structure by computing demand/capacity ratios for shear 

and plastic hinge rotation. The maximum value of these ratios for each particular member 

provides an insight into the severity of the damage inflicted or the onset of failure.       

A set of criteria to be used for the analytical prediction of the collapse earthquake of RC 

framed structures was discussed in this chapter. On the other hand, two displacement 

failure criteria were adopted. The global failure displacement was defined by assuming 

the structure has failed when either a lateral drift in excess of 4% is achieved or when a 

strength drop beyond 15% to 20% of the peak strength takes place. The local failure 

criteria were controlled by either a shear failure at one of the columns of a structure or 

when one of the column plastic hinges exceeds its rotation capacity. These definitions 

and criteria are used in subsequent chapters to assess and compare the response of PC 

structures in their original and upgraded states.  

It is important to highlight that evaluation of the bearing strength of the PC support at the 

contact region of the PC-column connection is assumed as a good parameter to check the 

failure at the contact region. 
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A number of simplifying assumptions and empirical tools needed to establish nonlinear 

models of RC framed structures were adopted. On the other hand, this chapter also 

presents validation studies of the adopted nonlinear FE modelling technique using an 

inelastic fibre element approach and elaborate material models with experimental results. 

The selected specimens are of gradually increasing complexity from a RC column under 

a moderate axial force and varying transverse sections, followed by cantilever column 

under high axial force with varying transverse sections. The effects of shear, bond-slip 

and the buckling of the longitudinal reinforcing bars on the damage state of the members 

are neglected. 

The results of the inelastic fibre approach show a very good agreement with data from a 

large scale column experiments for cycles that induce small to average damage in the 

members. The agreement is good, with the common discrepancy in the 'pinching' of the 

hysteretic cycles, as a result of the absence of bond-slip and shear deformations from the 

FE model, as also observed by other researchers (Spacone et al., 1996a; Spacone et al., 

1996b). Therefore, the concrete and steel models introduced in this chapter are used in 

subsequent chapters to study PC structures in their original and upgraded states. 
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5 Chapter 5………. 

 

 

 

New application of the C-device 

 

 

 

5.1 General  

A PC structure designed to resist an earthquake excitation must have the capacity to 

dissipate the energy induced by ground motion. In most existing PC portal frames, this 

energy dissipation is provided mainly by inelastic deformation at critical regions at the 

column bases only (Palermo et al., 2007). Recent research (Ferrara et al., 2004) has shown 

that inelastic response at the column base is not reliable under cyclic loading, such as 

from an earthquake motion. The energy dissipation capacity at the column base in PC 

structures deteriorates due to local instabilities in adjacent PC members at the beam-

column connections. Additionally, P-Delta effects may produce a local failure (e.g. a 

flexural failure when one of the columns of a structure exceeds its rotation capacity), 

which progressively reduces the strength of the column base. Hence, particular attention 

should be given to achieving adequate strength and ductility of the PC frames. 

A great deal of research in laboratories throughout the world has been directed towards 

increasing the reliability and energy absorption of RC structures using HEDDs. In new 

structures that incorporate yielding HEDDs, the main members remain practically 

undamaged, and energy dissipation is achieved through the hysteretic behaviour of the 

devices. Consequently, a significant increase in damping and deformation reductions may 

be expected. On the other hand, the inelastic behaviour of the members of existing 

structures upgraded with HEDDs may be unavoidable. In any case, to guarantee their 
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activation, devices must be carefully calibrated to have a device strength that results in 

effective reductions of seismic demands. 

As suggested by Martinez-Rueda  (1998a), yielding HEDDs of low invasivity, especially, 

yielding devices, can be used for the seismic upgrading of PC structures. This technique 

is based on the local incorporation of yielding devices around the beam-column joints of 

existing RC structures. Under this approach, specific dimensions of an assembly of 

yielding devices are chosen to be as small as practically possible in order to reduce the 

loss of space in the original structure (i.e. to reduce the structural invasion as a result of 

device installation).  

 C-devices suggested by Martinez-Rueda  (2004) may be located either in a beam-column 

region and/or at the column base of a PC structure where they are readily accessible for 

inspection and replacement after an EGM. In the past, C-devices made of mild steel have 

been successful applied as an integral part of seismic retrofitting schemes (Martinez-

Rueda, 2004). It has been demonstrated that the inelastic deformation of C-devices is an 

efficient mechanism for the absorption of energy. It has also been found that C-devices 

are effective tools for introducing supplemental sources of energy dissipation by 

hysteresis, but there are limited detail studies on the modelling of the C-device proposed 

by Martinez-Rueda  (2004).  

A new application of C-devices to enhance the seismic behaviour of existing PC portal 

frames is presented in this chapter. A number of simplified models that represent the PC 

structure members and the PC portal frames which incorporate C-devices are studied 

under static and dynamic analysis. A large number of nonlinear seismic analyses 

evaluating the efficiency of the proposed technique are also described. The efficiency of 

the proposed technique is assessed in terms of strength, stiffness, energy dissipation 

capacity and residual displacement. Comparisons are also made to evaluate the seismic 

performance of the PC frame with and without C-devices, for different intensities of 

earthquake motion. 

This chapter also introduces a methodology to calibrate the properties of an equivalent 

nonlinear inelastic spring that reproduces the expected hysteretic response of a C-device. 

The device is cut from a mild steel plate and has an overall shape that resembles a 

rectangular portal frame with circular interior corner transitions to avoid stress 
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concentrations and to control the extension of the dissipative region of the device (see 

Figure 5.2). 

 

5.2 Yielding HEDDs in an upgraded system  

5.2.1 New application of C-devices 

Figure 5.1 shows a new application of the C-devices, which shows the location of the C-

devices in a typical PC frame. The main characteristic of this retrofitting technique is to 

provide the structure with a reliable energy dissipation mechanism.  

In order to concentrate the complementary sources of energy dissipation in the C-devices 

as the structure responds to earthquake loads, the assembly of connection plates (see 

Figure 5.1) must remain elastic (Martinez-Rueda, 1997). Hence, the yield strength of the 

assembly of connection plates must be higher than the yield strength of the devices to 

avoid damage in the assembly of the devices. An example of typical design of assembly 

of connection plates is presented in Appendix 3 (Section A3.2).  

 

 

Figure 5.1. Precast structure retrofitted with yield C-devices. 

 

Assembly of connection plates 
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5.2.2 Configuration of the C-device 

The device is cut from a mild steel plate to achieve a geometry similar to that of a 

rectangular portal frame; it has circular interior corner transitions with the aim of avoiding 

stress concentrations and to be able to control the extension of the dissipative region of 

the device. The shape of the device is engineered so that inelastic deformations occur 

primarily on what Martinez-Rueda  (2004) refers to as the dissipative region (the region 

of extension 𝐿𝑑, as shown Figure 5.2). Each device arm is pin-connected to an assembly 

of connection plates, as shown in Figure 5.1. The device arms are designed to behave 

elastically so that the energy dissipation (due to inelastic flexural-axial interaction) occurs 

mainly in the dissipative region of the devices.   

 

5.3 Modelling of the C-device 

As pointed out earlier, there is no analytical study on the modelling of the C-device 

proposed by Martinez-Rueda  (2004). It was seen after the study of the C-device in 

Chapter 3 that the dissipative region is one of the most important parameters affecting the 

performance of the C-device, as pointed out by Martinez-Rueda  (2004). 

In this section an effort has been made to model and assess the effects of the dissipative 

region and circular transition using the inelastic fibre element approach described in 

Chapter 4.  

 

5.3.1 Geometry of the C-device 

To assess the effects of 𝐿𝑑 and 𝑟 on the performance of the C-device, a series of FE 

models of the device were studied using SAP2000. Using the notations of Figure 5.2, 

Table 5.1 summaries the geometric dimensions of the FE models used in the present 

study. Each model presented in Table 5.1 has a thickness t = 10 mm. 

For instance, the model R90-0.80hb means that the C-device has a circular transition 

radius 𝑟 of 90 mm while the dissipative region length 𝐿𝑑 is equal to 0.80hb; where hb is 

the section depth of the dissipative region (see Figure 5.2). The geometry of the C-device 

follows the geometrical ratios laid out by Martinez-Rueda  (2004) with aim of achieving 

a compact section in the dissipative region and to favour a good spread of the inelastic 

region. The main aspect ratios of the C-device adopted in the present study are 𝐿𝑦/ℎ𝑏 and 

𝐿𝑥/ℎ𝑏. As inferred from Table 5.1, the 𝐿𝑦/ℎ𝑏 ratio has a constant value of 1.17, whereas 

the 𝐿𝑥/ℎ𝑏 ratio varies between 3.2 and 4.23. 
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Figure 5.2. C-device (after Martinez-Rueda, 2004). 

Table 5.1 Geometric dimensions of models (refer to Figure 5.2). 

No 
Device 

name 
𝐿𝑑 

[mm] 
𝑟 

[mm] 
ℎ𝑏 

[mm] 
ℎ𝑐 

[mm] 

𝐿𝑦 

[mm] 

𝐿 
[mm] 

𝐿𝑥 
[mm] 

ℎ 
[mm] 

∅ 
[mm] 

1 R90-0.80hb 140 90 175 240 206 800 560 400 50 

2 R90-1.37hb 240 90 175 240 206 900 660 400 50 

3 R90-1.60hb 280 90 175 240 206 940 700 400 50 

4 R100-0.8hb 140 100 175 240 206 820 580 400 50 

5 R100-1.37hb 240 100 175 240 206 920 680 400 50 

6 R100-1.60hb 280 100 175 240 206 960 720 400 50 

7 R110-0.80hb 140 110 175 240 206 840 600 400 50 

8 R110-1.37hb 240 110 175 240 206 940 700 400 50 

9 R110-1.60hb 280 110 175 240 206 980 740 400 50 

 

5.3.2 FE model of the C-device 

The device under study was modelled using an assembly of 3 regions, arranged to have 

elastic and inelastic zones. Figure 5.2 shows the detail of the regions of the C-device 

models adopted in this study with the following assumptions:   

- Region A shown in Figure 5.2 is defined as elastic region.  

- Region C shown in Figure 5.2 is subdivided into 20 nonlinear fibre elements with 

rectangular cross sections of variable depths.  

- Region B shown in Figure 5.2 is subdivided into 5 nonlinear fibre elements with 

constant cross section. A number of convergence studies showed there was no need 

to refine FE mesh further. 
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- For the inelastic regions 30 fibres were used to model the cross section. It is also 

observed that the larger the number of fibre elements, the better the prediction the 

inelastic response is likely to be.  

Figure 5.3 shows the simplified model of the C-device adopted in the present study. In 

general, the C-device is modelled using an assembly of 45 inelastic fibre elements. A 

roller support is situated at one end of the C-device model while the other has pinned 

joint. Rigid links represent the device arms (see region A in Figure 5.2) remain elastic.  

To model the steel material of the device, a cyclic steel curve with a kinematic hardening 

model was adopted. The yield strength is 275 MPa. The parameters of the cyclic steel 

curve were estimated, as indicated in Chapter 4. The stress-strain diagram for the 

monotonic curve and the cyclic curve of steel (see Figure 4.18 and Table 4.6) were used 

to model the steel material of the C-devices. A linear extrapolation beyond the maximum 

point of the stress- strain curve of steel was used, assuming the device has not failed in 

tension and compression. 

 

Figure 5.3 FE mesh of C-device model. 

5.4 Study of the response of individual C-devices 

5.4.1 Monotonic response 

Figure 5.4 shows the influence of 𝐿𝑑 and 𝑟 on the pushover response of the C-device 

under monotonic loading producing tension without considering P-Delta effects. To 

obtain these results the cyclic curve for steel was used in the fibres. It was necessary to 

apply small displacement increments, which helps improve the rate of convergence. The 

load capacity of the devices considered in the study was measured at the maximum 

imposed displacement. In general, as expected, the shorter the length of the dissipative 

region the higher the strength of the device. However, the difference in the load capacity 

is not significant (a 3% maximum difference).  
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Table 5.2 summarises the monotonic response of the C-device models using the values 

of 𝐿𝑑 and 𝑟. The table includes maximum force 𝑃𝑚𝑎𝑥 at peak displacement ∆𝑢, force at 

yield 𝑃𝑦, yield displacement ∆𝑦, yield stiffness  𝐾𝑦 and displacement ductility demand 𝜇∆ 

.The yield force and yield displacement were obtained based on the yield criterion 

described in Chapter 4 (see Figure 4.8). The final column in Table 5.2 also includes the 

predictive yield force based on equation (3.9). It can be seen that the displacement at yield 

decreases as the device dissipative region decreases. Consequently, the displacement 

ductility demand increases for decreasing dissipative region lengths. Furthermore, it is 

also observed that the FE model R100-1.37hb exhibits slightly higher yield stiffness 

compared to other models. 

A clearer picture of the overall behaviour of all C-device models can be established in 

terms of strength versus length of dissipative region. Figure 5.5 compares the strength of 

the device at its maximum for all device models. It is observed that the smaller the circular 

transition region the higher strength of the device. 

As it has been observed that the pushover behaviour of the FE models of C-devices under 

tension load is virtually similar for both tension and compression; mainly because the P-

Delta effects have been ignored in the analyses. However, when P-Delta effects are 

included (e.g. Figure 5.6), the difference between the pushover responses of a C-device 

under tension and compression can be clearly observed (see Figure 5.7). 

 

Table 5.2. Summary of device monotonic responses. 

No 

 

Device 

Name 

 

𝑃𝑚𝑎𝑥 
[kN] 

𝑃𝑦 

[kN] 

∆𝑦 

[m] 

∆𝑢 
[m] 

𝐾𝑦 

[kN/m] 

𝜇∆ 
 

𝑃𝑦 

Eq. (3.9) 

[kN] 

1 R90-0.80hb 134.9 54 0.0020 0.066 27,076 33.00 60 

2 R90-1.37hb 132.4 41 0.0021 0.066 21,247 31.44 60 

3 R90-1.60hb 131.1 38 0.0025 0.066 20,672 26.40 60 

4 R100-0.8hb 134.8 53 0.0018 0.066 15,039 37.71 60 

5 R100-1.37hb 132.3 40 0.0020 0.066 30,014 33.00 60 

6 R100-1.60hb 131.0 37 0.0023 0.066 20,127 29.33 60 

7 R110-0.80hb 134.7 51 0.0018 0.066 16,298 37.71 60 

8 R110-1.37hb 132.0 39 0.0020 0.066 29,160 33.00 60 

9 R110-1.60hb 130.8 36 0.0025 0.066 19,636 26.40 60 
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Figure 5.4. Influence of 𝐿𝑑 and 𝑟 on the monotonic behaviour of the C-device under monotonic 

loading. 
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Figure 5.5. Relationship between the aspect ratios of the dissipative region and maximum 

device force on the performance of the C-device for different r. 

 

 

Figure 5.6. Influence of the P-Delta effects on the pushover response of the C-device R90-

0.80hb under compression load. 

 

Figure 5.7. A comparison example of pushover responses for device R90-0.80hb under tension 

and compression loads, P-Delta effects are considered. 
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5.4.2 Modelling of C-devices using equivalent nonlinear inelastic springs 

To model the nonlinear behaviour of the C-device in a simpler way (see Figure 5.8), a 

nonlinear spring with a kinematic hardening model can be used. This approach makes the 

analyses more efficient in terms of computational effort. Among the types of behaviour 

for nonlinear springs the kinematic hardening model is one option. This model reproduces 

multi-nonlinear plasticity with several types of hysteretic response. However, properties 

of this springs required calibration. The nonlinear spring is bounded by 2 joints and 

stiffness (K) as shown in Figure 5.7. The left-hand joint was defined as a pinned joint, 

and the other one has a roller joint. 

 

 

Figure 5.8. Sketch of an equivalent nonlinear spring. 

 

 

5.4.3 Analysis of the development of equivalent nonlinear springs 

In order to assess the effectiveness of the adopted calibration procedure, the C-device, 

R90-1.6hb described in Section 5.3.1 was studied. To validate the calibration procedure 

of an equivalent nonlinear spring, the response of the C-device model under a monotonic 

load should have a good correlation with that of equivalent nonlinear spring, both in terms 

of strength and stiffness. Additionally, the inelastic response of the models under reverse 

cyclic loading, harmonic excitation, and an earthquake ground motion should be also 

compared. Validation of the equivalent nonlinear springs at member level under 

monotonic, cyclic and earthquake loads is presented at Appendix 1.  

 

5.4.4 Validation of equivalent nonlinear springs 

5.4.4.1 Under monotonic loading 

The curve of the displacement versus strength (Figure 5.4a) of an equivalent nonlinear 

spring was defined by using the pushover response of the C-device model R90-1.6hb 

under tension load. Further, the initial stiffness of around 40978 kN/m, which is 

determined by the linear branch of the pushover response of the device alone, is assigned 

as the initial stiffness of the nonlinear springs. The response of the device is obtained by 
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applying a displacement of 0.12 m with a large number of steps (2000) at the roller joint 

(Figure 5.8) of the device. The backbone curve use to describe the hysteretic response of 

the equivalent nonlinear spring should match, as close as possible, the push over response 

of the C-device.  

 

5.4.4.2 Under reversed cyclic loading  

A comparison of the cyclic response of the C-device for two different device models 

under cyclic loading has also been established. The cyclic analysis was conducted by 

imposing the displacement controlled load history shown in Figure 5.9a.  

As shown in Figure 5.9b, the observed hysteretic behaviour of the simplified model of C-

device is identical to the equivalent nonlinear spring model. It was also found from the 

cyclic responses that the device exhibited a stable hysteretic behaviour and similar 

strength under tension and compression load because the P-Delta effects have been 

ignored in the analyses, as pointed earlier.  

Figure 5.9b also demonstrates that the strength of the device developed depends on the 

ductility demand. Thus, it can be seen that when a displacement ductility of 14∆𝑦 was 

imposed, the force in the C-device was approximately 30% in excess of that based on a 

specified yield strength obtained from the monotonic response.   

A precise understanding of the behaviour of the C-device for two different device models 

can be established in terms of energy dissipation and stiffness degradation. Figure 5.10 

illustrates the hysteretic energy dissipated by both models. The total hysteretic energy 

dissipated by the device at the end of the load history was around 40 kN-m.  

Figure 5.11 illustrates the secant stiffness assessed peak-to-peak of a given hysteresis 

loop. At the end of the load history the secant stiffness is just 11% of the value obtained 

for the first cycle.  
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Figure 5.9. Comparison of cyclic response of the C-device for two different device models 

under reversed cyclic loading. 

 

 
Figure 5.10. Comparison of the hysteretic energy dissipated by C-device for two different 

device models under reversed cyclic loading. 

 

 

Figure 5.11. Comparison of the secant stiffness degradation of C-device for two different device 

models under reversed cyclic loading. 
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5.5 Identification of the limit of efficient device strength (LEDS) at member level  

5.5.1 Behaviour under monotonic loading 

As previously discussed in Chapter 3, in order to guarantee the activation of supplemental 

sources of energy dissipation, C-devices must be calibrated to define their LEDS. The 

calibration criterion applicable to RC members and developed by Martinez-Rueda  (1997) 

is adopted here for PC structures. This criterion based on the comparison between 

desirable and undesirable collapse mechanisms of the upgraded columns shown in Figure 

5.12. Based on the plastic analysis, the collapse loads, 
1H  and 

2H  as shown in Figures 

5.12b and c, respectively are given as:  
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where, dF is the maximum force of the device; 
pM is the flexural capacity of the PC 

member assumed under pure bending (with no axial load); h  is the column height; 
yl  is 

the vertical length of the devices;   is the inclination angle (with respect to the 

horizontal) of the devices; 
ye and xe are the vertical and horizontal eccentricities of the 

assembly of the devices, respectively.  

To avoid the expected plastic hinge shown Figure 5.12c, the condition 1 2H H must be 

satisfied. Hence, the theoretical   
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It can be observed from the above formula that the device strength is affected by the 

dimensions of the device assembly. It is also observed that the rotation ductility demand 

d u   in the undesirable failure mechanism increases as the vertical device assembly or 

dissipative region length of the device ( dL ) increases as shown in the derived formula 

below  
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  (5.4)  

Where d d   is the rotation ductility demand of the desirable failure mechanism. 
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The effectiveness of the proposed retrofitting technique relies heavily properly selecting 

the device strength and the location of the device from the column base as well as the 

angle  . It is highly recommended that a device angle of 45° is used. Devices positioned 

at an angle higher than 45 degrees (e.g. 60°), may increase the residual displacements. 

For safety and practical reasons,  Martinez-Rueda  (1997) recommended that the flexural 

plastic strength 
PM is estimated neglecting the axial load effects and using a typical design 

code which corresponds to the flexural strength when the maximum compressive strain 

is 0.003-0.004. Based on the equation (5.3) the evaluation of the optimum strength of the 

device dF   is found to be 379 kN assuming the flexural plastic strength 
PM  of the column 

model defined in Section A1.1.2 in Appendix 1 is 407 kNm. In this case, this strength is 

considered the LEDS.  

 

(a)         (b)          (c) 

Figure 5.12. (a) Upgraded member model; (b) desirable failure mechanism; (c) undesirable 

failure mechanism. 

 

5.5.2 Response under monotonic loading 

Definition of member model and its fibre element mesh were defined in Sections A1.1.1 

and A1.1.2 in Appendix 1, respectively. Figure 5.13 shows the monotonic response of the 

upgraded column for device strengths calibrated at the LEDS while Figure 5.14 shows 

the response the upgraded column for device strengths calibrated at a very high strength 

(10 times higher than the LEDS). It is observed that the global displacement ductility 

capacity of the upgraded frame with device strengths tuned at LEDS (see Figure 5.13) is 

controlled by a failure condition corresponding to an excessive displacement rather than 

by softening shown in Figure 5.14. 

Figures 5.15a and b display the moment versus rotation at the column region located 

outside of the assembly of the devices using a device tuned at the LEDS and at a very 
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high strength, respectively. It can be seen that the plastic hinge at the column region 

outside the device assembly occurred if there is a more device strength. It is clear from 

the figures that the column region above the assembly of the C-devices behaves elastically 

when devices are calibrated at the LEDS; this is compared to the inelastic behaviour 

observed when using a high device strength. 

 

Figure 5.13. Monotonic response of the upgraded column for device strengths tuned at LEDS. 

 

Figure 5.14. Monotonic response of the upgraded column for devices with very high strength. 

 

Figure 5.15. Monotonic moment-rotation behaviour at the column region and outside the 

assembly of devices calibrated at LEDS and at very high strength respectively. 
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5.5.3 Response under reversed cyclic loading 

The hysteretic behaviour of the column models defined in Section A1.1.2 in Appendix 1 

with device strengths tuned at the LEDS and at very high strengths under reversed loading 

(see Figure 5.16) have also been studied.  

Figure 5.17a shows the cyclic response of the upgraded column for device strengths tuned 

to the LEDS while Figure 5.17b shows the cyclic response of the upgraded columns for 

devices calibrated at very high strength. It is clear from Figure 5.17a that the hysteretic 

behaviour of the column with device strengths tuned at the LEDS predominantly shows 

the inelastic response of the devices. In contrast, the pattern of the hysteretic response of 

the upgraded column for devices with very high strengths is similar to that observed for 

UNIT-1, Figure 4.22 described in Chapter 4. This is mainly attributed to the undesirable 

behaviour of the column (see Figure 5.12c) for devices with very high strengths. 

Figure 5.18 shows the evaluation of the hysteretic energy and its composition in terms of 

energy dissipated by the devices and energy dissipated by the column plastic hinge. 

According to this figure the total energy dissipated by the upgraded column with device 

strengths tuned at LEDS was 50% from that dissipated by the corresponding model with 

devices tuned at high strength. 

 

Figure 5.16. Displacement history. 
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Figure 5.17. Cyclic responses of upgraded column for devices tuned at LEDS and at very high 

strength. 

 

 

Figure 5.18. Hysteretic energy dissipated by the column plastic hinge and energy dissipated by 

devices. 
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5.5.4 Response under earthquake ground motion 

Nonlinear time history analyses for the column model defined in Section A1.1.2 in 

Appendix 1 using device strengths calibrated at the LEDS and at very high strengths 

subjected to EGM (Figure A1.7 in Appendix 1) were performed. To ensure a reasonably 

large displacement ductility, the EGM was magnified by a factor of 4 times the intensity 

required from an earthquake to produce a plastic hinge at the column model located 

outside the device assemblies.  

Figure 5.19 displays the curvature response time histories at the 2 critical sections of the 

column located outside the device assemblies. It can be seen that the column with devices 

tuned at high strength generated a significant curvature with respect to time at the critical 

column section. This is mainly attributed to the undesirable behaviour of the column (see 

Figure 5.12c). This means most of the curvature demand is concentrated outside of 

assembly of the devices. In contrast, by using device strengths tuned at LEDS, a very 

small oscillation of curvature occurred, which is referred to a desirable failure (see Figure 

5.12b).  

It can be noted that the curvature demand of the column model for devices tuned to their 

LEDS is increased by about 5 times of the column model for devices calibrated at very 

high strengths. Consequently, this may affect the overall performance of the cantilever 

column due to increase the curvature ductility demand compare to its curvature ductility 

capacity. 

 

Figure 5.19. Curvature demand vs time history response for upgraded frame at PC member level using 

optimum and a very high device strength. 
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5.6 The proposed technique at structure level 

5.6.1 Definition of the structure model  

The principles outlined in the simplified models at member level can be extended to build 

a 2D model of a PC portal frame. This can be achieved by using a simplified model with 

the following assumptions: 

- Beam-column joints are pinned joints at a horizontal eccentricity distance e as 

shown in Figure 5.20.  

- Columns are fully fixed at their lower ends. 

- Columns possess different transverse sections over the full height. 

The first assumption implies that the PC beam sits on the column pocket and its ends are 

hold by a horizontal dowel. This is so that the shear can be transferred between the beam 

and column at distance e  , but no bending moment is transferred.  

Figure 5.20 shows the simplified model of a PC portal frame in its upgraded state. The 

first option (see Figure 5.20) incorporates devices only around the pinned joints that 

connect the columns to the beam. A second option (not considered in the present study) 

employs devices around the expected plastic hinges at the column bases.  

In this study, the tributary mass of the roof (M) is linked to the I-PC beam. This mass is 

relevant to the slab weight and the beam self-weight, and it is similar to the study of 

Martinelli and Mulas  (2010). A total mass of 112 tonnes was used and distributed along 

the I-PC beam while 0.864 tonnes were distributed along the PC columns to represent 

their self-weight. 

 

Figure 5.20. Proposed upgraded techniques. 
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5.6.2 FE model of the PC frames 

A number of nonlinear analyses were undertaken on a structural level in its original and 

upgraded models to assess the effectiveness of the C-devices in terms of monotonic and 

cyclic behaviour of the week structure. Figure 5.21a shows the FE models of a portal 

frame in its original and upgraded structures. Each model is defined by an assembly of 

16 inelastic elements. For both models, the inelastic elements for the columns are 

arranged into three zones (base, mid and top of the columns). The discretisation of the 

column section (Figure 5.22a) is illustrated in Figure 5.22b and summarised in Table 5.3.  

To assess the effectiveness of the adopted calibration procedure of the C-devices, one 

case of a portal frame in its original and upgraded frames using inelastic elements in the 

PC beam was prepared (see Figure 21b). In these models, an assemble of 10 nonlinear 

elements was used to model the PC beam. Due to the variable height of its cross-section, 

the beam was mainly subdivided into six elements, each 4.5 m long. Additional two 

inelastic beam elements close to the assembly of the devices were also used to monitor 

the potential plastic hinges at column region close to the device assembly . The beam 

cross-section (Figures 5.23a and 5.23b) was modelled using a different number of fibres 

depending on its location. Details of the distribution of the beam cross section fibres are 

shown in Figure 5.31c and summarised in Table 5.4. 

 

The concrete strength of the columns is assumed to be 45 MPa, and the calculated 

confinement factors of the column cross section are 1.16, 1.0 and 1.34 at the column base, 

mid height of the column and close to the beam-column connections, respectively. While 

the confinement factor of the beam section is 1.5.  

To model the concrete material for all cases, a cyclic model of concrete with confinement 

effects, as described in Chapter 4, were used to define the hysteretic behaviour of 

concrete. To model the longitudinal reinforcement, the cyclic curve of steel with a 

kinematic hardening cyclic model was adopted for a strength of 430 MPa. The parameters 

of the cyclic curve of steel were estimated as described in Chapter 4. This model was also 

used to define the properties of the mild steel of C-devices (see Chapter 4). The monotonic 

curve of steel was also adopted herein to model the steel properties of the longitudinal 

steel reinforcement under a monotonic load. To model the material properties of the 

prestressed steel, a monotonic curve of steel, as defined in Chapter 4, was used. This 

model was also used as an envelope to represent the cyclic behaviour of the prestressed 

reinforcement in the PC beam.  
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To model the frame in upgraded state, a set of rigid links to connect the devices to the 

column and bottom of the beam were used, as seen in Figure 5.21. The rigid links 

represent the assembly of connection plates (which are designed to remain elastic) while 

the C-devices are modelled using equivalent nonlinear springs. Additional two rigid links 

of 0.115 m (see Figure 5.21) to connect the PC beam to the columns as pinned joints at 

distance e  (Figure 5.20) are also used. 

To model the C-devices, equivalent nonlinear springs representing a C-device R90-1.6hb 

were used. Devices are described in terms of optimum device strength or Fd. 

 

Table 5.3. Discretisation of the column cross section. 

Number of fibres 

Section 
Unconfined 

concrete 

Confined 

concrete 

Steel 

reinforcement 

Prestressed 

bar 
Total 

Sections at column 

bases and elsewhere 
80 33 20 0 133 

 

Table 5.4. Discretisation of the PC beam 

Number of fibres 

Section 
Unconfined 

concrete 

Confined 

concrete 

Steel 

reinf. 

Prestressed 

bar 
Total 

Section at 4.5 m and 22.5 from the 

point of column line axis 
112 3 38 30 183 

Section at 9 m and 18 m from the 

column line axis 
154 3 50 30 237 

Section at 13.5 m from the point of 

column line axis 
193 3 54 30 280 

Section at 0.70 m and 0.90 m from 

the point of column line axis 
85 3 34 30 152 
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(a) FE models with and without devices using nonlinear fibre elements for the columns and 

elastic beam. 

 

(b) FE models with and without devices using nonlinear fibre elements for both 

columns and the beam. 

Figure 5.21. FE meshes for original and upgraded frames (all dimensions in m). 
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(a) column cross-section   (b) discretisation of the column 

Figure 5.22. Cross section and discretisation of the RC column. 

 

    

(a) sec. A-A      (b) sec. B-B 

 

(c) discretisation of the I-PC Beam 

Figure 5.23. Cross- sections and discretisation of the I-PC Beam (dimensions in cm, Φ in mm). 
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5.6.3 Nonlinear staged construction analysis procedure  

In a real situation, HEDDs are installed in existing structure when gravity loads are 

already acting on a structure. This scenario must be reproduced in existing structures in 

numerical models so that the C-devices are activated primarily by the seismic actions. To 

achieve this, a nonlinear staged construction procedure included in SAP2000 was used. 

A staged construction is a type of a nonlinear static analysis; it can be part of a sequence 

of other nonlinear static and direct integration time-history load cases. For each nonlinear 

staged construction load case, a set of sequences of nonlinear analysis can be determined. 

From these sequences or stages, an original state can be specified, which requires loading 

from a specific load (such as the gravity load). Therefore, in the first stage, construction 

is normally represented by the condition of a gravity load only while the second nonlinear 

stage of construction can subject a structure to earthquake ground motion. 

 

5.6.4 Behaviour under monotonic lateral loading  

5.6.4.1 Identification of the LEDS 

As previously mentioned that the identification of LEDS for monolithic RC structures 

can also be applied for PC structures but incorporating in the required plastic analysis, 

the strength mechanisms of the present joints. Therefore, the structure under study, a 

collapse load can form 2 to 4 plastic hinges to achieve a collapse. These can be located at 

the base of the columns and /or close to assembly of the devices. The position of the 

plastic hinges for the undesirable mechanism, shown in Figure 5.25, in relation to the 

device position are not random. Avoiding plastic hinges inside or outside the assembly of 

the devices is necessary. In fact, when the device strength is too high (as shown in Figure 

5.25) plastic hinges are formed in the structure but devices are not activated.  

To avoid undesirable failure modes (see Figure 5.25), the collapse loads of the upgraded 

frame shown in Figure 5.24b should be smaller than those of the undesirable failure 

modes. Following the notation in Figure 5.24a, the desirable collapse load 𝐻1 and 

undesirable collapse loads, 𝐻2, 𝐻3 and 𝐻4 must satisfy equations (5.5) to (5.7)  

 1 2H H          (5.5) 

 1 3H H          (5.6) 

 1 4H H          (5.7) 

 

Using plastic analysis technique it can be shown that: 
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where, h  and 
'h  are column length and a distance between lower ends of the device to 

column base; L  is the bay length. xl  and 
yl  are the horizontal and vertical lengths of the 

device,  is the angle of inclination of the device. 𝑀𝑃𝑐 and 𝑀𝑃𝑏 are the flexural plastic 

strength of the column (with no axial load) and beam respectively.
ye and xe are the 

vertical and horizontal eccentricities of the assembly of the devices, respectively as shown 

in Figure 5.24a   

 

Substituting the above collapse loads in the equation 5.5 to 5.7 for the maximum device 

force 
dF  , the following conditionals are obtained: 

   
 

' 2

2 1

2 2 2
cos sin

2

Pc
d

x x
y y x

hM
F

h h ee el e
l e e

L e
 

 
       

       

  (5.12) 

   
22 2 2

2cos 2sin
2

Pb Pc
d

x x x x
y y x

M ML
F

L e l ee el e
l e e

L e
 

  
  

             

 (5.13) 

   
2

3 3 2

2 2 2 2 2
2cos 2sin

2

x x Pb
d

x x x x
y y x

L e l M
F

L e l ee el e
l e e

L e
 

  
  

             

 (5.14) 

As previously mentioned, for the calibration of the device strengths, the flexural strength 

of the columns was associated with pure bending. Therefore, the value of the flexural 

strength of the columns considered for device calibration was 809 kNm. This value was 
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estimated based on the evaluation of the monotonic behaviour of the column using 

SAP2000. Using the calibration equations of 5.12 to 5.14, the device strength 𝐹𝑑 or 

referred to the LEDS that ensures the formation of the desirable collapse mechanism (see 

Figure 5.24b) was 1291 kN. However, for this particular simplified model, the value of 

the device strength was chosen to be lower than the LEDS. 

 

(a) upgraded structure 

 

(b) possible desirable collapse mechanism 

Figure 5.24. Upgraded frame and its possible desirable collapse mechanism. 
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(a) first undesirable collapse mechanism 

 

 

(b) second undesirable collapse mechanism 

 

(c) third undesirable collapse mechanism 

 

Figure 5.25. Possible undesirable collapse mechanisms of the upgraded structure. 
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5.6.4.2 Pushover response 

Figure 5.26 compares the pushover response of the upgraded frame for different values 

of device strengths. This analysis was conducted by applying an inter-storey displacement 

up to a drift of about 4% (0.412 m). It is clearly seen that the proposed technique improves 

the initial stiffness, secant stiffness and strength of the original frame. It is also observed 

from the pattern of change in the monotonic response (see Figure 5.26) that initial 

stiffness in the upgraded frame for devices tuned at strengths greater than 0.50𝐹𝑑 are quite 

similar. Table 5.5 summarises the main parameters of the lateral response of models under 

monotonic loading for different device strengths. The yield displacement ∆𝑦 and the 

failure displacement ∆𝑓 were assessed using the criterion given in Figure 4.7 and section 

4.5.3 in Chapter 4, respectively. The table also includes the displacement ductility 

capacity (𝜇𝑐−∆) estimated based on the equation 4.30 in Chapter 4 while the yield period 

𝑇𝑦 estimated using equation of ( 2 / yM k ), where M and ky are total mass and yield 

stiffness of the structures, respectively. The seismic coefficient 𝐶𝑦 is computed as the 

ratio between the lateral strength at the yield displacement 𝐻𝑦 of the frame and the total 

frame weight W. Finally  𝐻𝑢  is the lateral force at peak displacement while T1 and T2 are 

the period of structure for the first mode and the higher mode. Hence, the dynamic 

response is more closely associated with T1 and T2.  

It must be noted that the displacement at failure corresponds to a drift of 4% for all device 

strengths. Hence, the global displacement ductility demand was controlled by an 

excessive displacement, rather than by softening. This was due to the high flexibility of 

the structure. It is clear from Table 5.5 that the displacement ductility slightly increases 

for increasing device strength in particular for device strengths lower than 0.5𝐹𝑑. The 

ratio of the displacement ductility capacity of the original frame to the displacement 

ductility capacity of the upgraded frame (𝜇𝑐−∆𝑜/𝜇𝑐−∆𝑢) tuned to 0.5𝐹𝑑 is equal to 0.5. 

This is a preliminary indication that the device application enhances the displacement 

ductility capacity of the original frame. It can also be observed that the displacement 

ductility capacity of the upgraded frame for the device strength of 0.50𝐹𝑑 is higher those 

observed for other strengths.    
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Figure 5.26. Influence of the device strength on monotonic behaviour. 

Table 5.5. Summary of monotonic response of original and upgraded frame. 

dxF  

 

y  

[m] 

f  

[m] 
c   uH  

[kN] 

yH  

[kN] 

1T  

[sec] 

2T  

[sec] 

yk  

[kN/m] 

yT  

[sec] 

yC  

 

0.00 0.220 0.412 1.87 210 158 1.560 0.072 716 2.49 0.14 

0.10 0.200 0.412 2.06 237 178 1.213 0.066 890 2.23 0.16 

0.20 0.180 0.412 2.29 265 198 1.097 0.063 1102 2.00 0.18 

0.30 0.170 0.412 2.42 291 218 1.036 0.060 1282 1.86 0.20 

0.40 0.155 0.412 2.66 314 235 0.999 0.059 1517 1.71 0.21 

0.50 0.145 0.412 2.84 338 253 0.973 0.057 1746 1.59 0.23 

0.75 0.150 0.412 2.75 416 312 0.935 0.055 2078 1.46 0.28 

1.00 0.160 0.412 2.58 493 370 0.913 0.054 2310 1.38 0.34 

1.05 0.165 0.412 2.50 510 383 0.910 0.054 2318 1.38 0.35 

1.25 0.180 0.412 2.42 554 416 0.899 0.053 2310 1.38 0.38 

1.50 0.180 0.412 2.29 577 432 0.890 0.524 2402 1.36 0.39 

2.00 0.180 0.412 2.29 579 434 0.878 0.0516 2412 1.35 0.39 

 

 

5.6.5 Behaviour under reversed cyclic loading 

The hysteretic behaviour of the frame in its original and upgraded states is also studied 

by imposing cyclic lateral displacement at the top of the frames. The displacement 

controlled load history shown in Figure 5.27 was applied to the portal frames in their 

original and upgraded frames. 

Figures 5.28a and 5.28b compare the cyclic response of the original and the upgraded 

frame with device strengths equal to 0.50𝐹𝑑. It can be seen that the cyclic loops of the 

upgraded frame enclose a larger area and show reduced pinching. Therefore, a higher 

hysteretic damping is present in the upgraded structure. Figure 5.29 shows a more detailed 
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comparison between the original and upgraded frame in terms of the evolution of the 

hysteretic energy. As expected, the hysteretic energy dissipated by the upgraded frame 

using a device strength of 0.50𝐹𝑑 was around 3.98 times the hysteretic energy dissipated 

by the frame with no devices.   

The response of original and upgraded frames were also compared in terms of the stiffness 

degradation as shown in Figure 5.30. The stiffness ratio reported in Figure 5.30 was 

calculated as the secant stiffness divided by the secant stiffness Ksec of the original 

structure for the first peak displacement. The secant stiffness of both structures was 

estimated at lateral force at each peak cyclic displacement. Finally, the stiffness of the 

upgraded frame is about 2.3 times that of the original structure, and then this difference 

is reduced for increasing displacements 

 

Figure 5.27. Load history for the study original and upgraded structures under reversed cyclic 

loading. 

 
Figure 5.28. Hysteretic response of the original and the upgraded structure with device strengths 

tuned at 0.5𝐹𝑑. 
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Figure 5.29. Hysteretic energy dissipated by original frame and upgraded frame under reversed 

cyclic loading. 

 

Figure 5.30. Stiffness ratio for original and upgraded structures under reversed cyclic loading. 

 

5.6.6 Response under earthquake ground motion  

5.6.6.1 Selection and scaling of EGMs 

The scaling of natural records to fit a determined design spectrum is an indirect way of 

considering the particular features of a specific site. In EC8 (Eurocode 8, 1998) no 

specific formulae are given to define scaling factors. No specific numerical criteria are 

given either on how to select accelerograms. Nevertheless, scaling criteria and methods 

for selecting natural acclerograms are well established (e.g. Martinez-Rueda, 1998b, 

2017). 

5.6.6.1(i) Selection of EGM records 

As noted above and in EC8, no specific rules are given to choose the natural 

accelerograms. However, EC8 recommends that a minimum of three accelerograms are 

used. The use of a particular EGM allows for the assessment of the seismic performance 
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of a structure. However, any pair of EGMs may induce quite different responses even if 

both possess the same intensity and site properties. To obtain meaningful results, an 

ensemble of seven accelerograms, rather than three, should be used in the analysis of the 

structure (Martinez-Rueda, 2017).  

To conduct a nonlinear inelastic time- history analysis, a number of earthquake records 

are needed as this type of analysis is relatively sensitive to the characteristics of the input 

motions. The natural accelerograms adopted in this study were selected from the PEER-

NGA  (2009) database. Originally 660 horizontal records of EGM were selected. These 

records are selected based on the ground type C given a peak ground acceleration greater 

than 0.2g. As defined in EC8, this ground type is characterised by deep deposits of dense 

or medium-dense sand, gravel or stiff clay with a thickness ranging from several tens to 

many hundreds of meters. Table A1.2 of Appendix 1 summarises the main properties of 

the records. The method from 660 records mentioned above was applied. This method 

involves the following steps. 

(a) suggested by Martinez-Rueda (2017) to select 7 accelerograms develop the 5% 

damping pseudo-acceleration of the response spectrum (PSA) for all the EGMs. In the 

present study, the response spectra of 660 records were generated covering the period 

range (0≤ nT ≥3 sec). An example of a natural accelerogram and its response spectrum is 

given in Figure 5.31. The accelerogram is the strong horizontal component of the station 

028N in Chi-Chi,Taiwan for the magnitude Mw = 7.62, earthquake occurred on 20-

September-1999. As illustrated in Figure 5.31, the PGA of that accelerogram is around 

0.76g. 

(b) For each response spectrum the goodness of fit parameter 휀2, given by equation (5.15) 

was calculated:   

 
22 / ( ) /d d r rPSA T PGA PSA T PGA         (5.15) 

Where 𝑃𝑆𝐴𝑑 (𝑇) is the pseudoacceleration of the design spectrum at period 𝑇; 𝑃𝑆𝐴𝑟 (𝑇) 

is the pseudoacceleration of the response spectrum of the natural accelerogram at period 

𝑇; 𝑃𝐺𝐴𝑑  is the PGA of the design spectrum and 𝑃𝐺𝐴𝑟 is the PGA of the response 

spectrum. The summation range of the above formula covered the period interval [0.2 𝑇1; 

2 𝑇1], to comply with EC8 constraints for scaling of natural accelerograms.   
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The spectrum shape type 1 defined by EC8 corresponding to a ground soil type C was 

adopted. Table A1.3 (see Appendix 1) shows the calculated 휀2 for the 660 

accelerorgrams.   

(c) Figures 5.32a and 5.32b illustrate the unranked and distribution of the 660 

accelerograms as a function of their goodness of fit ( 2  ) to the design spectrum shape. 

(d) Finally, the best 7 ranked accelerograms with PGA>0.2g were selected as seismic 

input for time-history analysis. Table 5.6 summarises all the selected records for the time-

history analysis, including their characteristics. Figures 5.33 and 5.34 show the selected 

accelerograms of horizontal EGM and their corresponding vertical accelerograms, 

respectively.   

 

Figure 5.31. An accelerogram and its response spectrum. 

 

 
 

 

Figure 5.32. Variability of 휀2 for 660 accelerograms with response to spectrum shape type 1 for 

soil type C. 
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Figure 5.33. Selected 7 records for time-history analysis (horizontal components). 
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Figure 5.34. Selected 7 records for time-history analysis (vertical components). 
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Table 5.6. Summary of EGMs (horizontal and vertical components) selected for time-history analysis 

No. EGM Code Earthquake Magnitude 

(
WM )  

station component PGA 

(horizontal)  

[m/sec2] 

PGA 

(vertical)  

[m/sec2] 

01t  

 

[sec] 

98t   

 

 [sec] 

1 1551 
Chi-Chi, Taiwan 

20.9.1999 
7.62 TCU138 TCU138W 2.022 1.104 24.60 66.772 

2 1197 
Chi-Chi, Taiwan 

20.9.1999 
7.62 

 
CHY028 CHY028N 7.459 3.368 29.58 50.810 

3 4457 
Montenegro, Yugo. 

15.4.1979 

7.10 

 

Ulcinj - Hotel 

Albatros 
ULA090 2.237 2.213 2.31 28.380 

4 787 
Loma Prieta 

18.10.1989 
6.93 

 

Palo Alto - SLAC 

Lab 
SLC360 2.719 0.890 6.01 24.490 

5 1052 
Northridge-01 

17.1.1994 
6.69 

 

Pacoima Kagel 

Canyon 
PKC360 4.246 1.660 2.34 16.240 

6 4863 
Chuetsu-oki 

16.7.2007 
6.80 

 
Nagaoka 65036EW 3.677 1.549 20.84 46.010 

7 1513 
Chi-Chi, Taiwan 

20.9.1999 
7.62 

 
TCU079 TCU079N 4.163 3.845 24.30 58.625 
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5.6.6.1(ii) Scaling of EGMs for a dynamic analysis  

Once the records are selected, each record has to be scaled to match the design intensity 

of the spectrum. Scaling procedures for natural accelerograms well established (Nau and 

Hall, 1984; Martinez-Rueda, 1998b; Buratti et al., 2010). In the present study, the scaling 

process was carried out following the guidelines of section 3.2.3 in EC8 (Eurocode 8, 

1998) with regards to satisfying the following condition:  

(1) "In the range of periods between 0.2Tl and 2T1 , where T1, is the fundamental period 

of the structure in the direction where the accelerogram will be applied; no value 

of the mean 5% damping elastic spectrum, calculated from all time histories, 

should be less than 90% of the corresponding value of the 5% damping elastic 

response spectrum"  

To impose a "compatibility" between an accelerogram and the intensity of design 

spectrum, each EGM is scaled by the factor:  
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       (5.16) 

The initial scaling factors ( oSF  ) corresponding to the EC8 design spectrum for PGA = 

0.2g are given for each motion in Table 5.7. These oSF  should be corrected using a scaling 

factor corrSF  to generate the final scaling factors SF , where corrSF  is a correction factor 

for the mean response spectrum for the best 7 ranked accelerograms. Table 5.7 shows the 

scale factors adopted in the subsequent report for design spectra anchored at PGA = 0.2g, 

0.4g and 0.6g. These scale factors were estimated for the portal frame under study having 

a fundamental period of 1.56 sec obtained from the modal analysis of the original frame. 

Within the framework of the selection input motion task, Figure 5.35 shows an example 

of a target spectrum and mean response spectrum for selected EGMs. In this example, the 

area under spectrum is calculated between the periods of 0.31 sec and 3.12 sec (i.e. within 

the interval of 0.2𝑇1 and 2𝑇1).  
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Table 5.7. Scale factors for each selected EGM for PGA=0.2g, 0.4g and 0.6g. 

No. EGM Code Earthquake 
oSF  

corrSF  
SF  

0.2g 0.4g 0.6g 0.2g 0.4g 0.6g 

1 1551 
Chi-Chi, Taiwan 

20.9.1999 
1.04 2.09 3.13 1.18 1.23 2.47 3.70 

2 1197 
Chi-Chi, Taiwan 

20.9.1999 
0.37 0.74 1.11 1.18 0.44 0.87 1.31 

3 4457 
Montenegro, Yugo. 

15.4.1979 
0.96 1.92 2.89 1.18 1.14 2.27 3.41 

4 787 
Loma Prieta 

18.10.1989 
0.95 1.90 2.85 1.18 1.12 2.24 3.36 

5 1052 
Northridge-01 

17.1.1994 
0.68 1.36 2.03 1.18 0.80 1.60 2.40 

6 4863 
Chuetsu-oki 

16.7.2007 
0.77 1.55 2.32 1.18 0.91 1.83 2.74 

7 1513 
Chi-Chi, Taiwan 

20.9.1999 
0.73 1.45 2.18 1.18 0.86 1.72 2.58 

 

 

 

Figure 5.35. Example of target spectrum (with PGA = 0.2g) and mean response spectrum for the 

family of best 7 scaled accelerograms. 

 

5.6.6.1(iii) Strong ground motion duration for time-history analysis  

To balance the time associated with computational efforts for the analysis of the structure 

without compromising the ability to predict the critical response, the evolution of the 

Arias Intensity (Arias, 1970) is studied to identify the strong motion phase of EGM. Arias 

Intensity 𝐼𝑎 is defined according to the following equation: 
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        (5.17) 

Where dt   is the total duration of the EGM (  gu t ) and g is the acceleration of gravity 

(9.81 m/sec2)   

The effective duration for each record is significantly lower than its total duration dt . 

Additionally, to remove the very week motion, the initial time ( 01t ) is estimated as shown 

in Table A1.2 (see Appendix 1); 01t  is the time required to achieve 1% of aI . On the other 

hand, the end of the strong ground motion phase is assumed to occur at 98t  (i.e. time at 

which 98% of aI is achieved). The time-history analyses are then conducted using the 

time interval [ 01t ; 98t ] of each accelerogram. 

The last columns of Table 5.6 given the 01t and 98t for each record. In general, 98t is 

significantly shorter the total dt . For instance, record 1197 accelerogram 98t = 50.81 sec 

whereas its total duration is 90 sec (Figure 5.36). In the present study, more than 10 sec 

of zero ground acceleration were included after the strong motion phase of each 

accelerogram, as shown in Figures 5.33 and 5.34. This allowed the estimation of residual 

displacements.  

 

Figure 5.36. Identification of strong motion phase for the record 1197. 
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5.6.6.2 Parametric study 

A number of parametric studies with a direct influence on ductility capacity and ductility 

demand should be considered. However, to validate the calibration criterion and to assess 

the influence of the strength, and stiffness of the C-devices on the simplified models of 

the portal frame, a combination of the different seismicity levels were considered in this 

chapter. Levels of seismic action were characterised by the intensity of the design 

spectrum for ground type C, as defined by EC8. The PGA values of 0.2g, 0.4g and 0.6g 

were used to describe the intensity of three seismic action levels denoted as low (LS), 

moderate (MS) and high (HS), respectively. Therefore, each selected EGM has been 

scaled to three seismicity levels as indicated in Table 5.7.  

Figure 5.37 shows the response spectra for the unscaled selected EGMs while Figure 5.38 

shows the response spectra and design spectrum for the selected EGMs scaled to the LS, 

MS and HS level, respectively. 

To appreciate the difference in the seismic response before and after the application of 

the C-devices, the time-history of a few studies during the seismic response was analysed. 

On the other word top displacement, drift value, drift reduction, residual displacement, 

ductility and maximum base shear were studied. 

 

Figure 5.37.Unscaled response spectra for of best 7 natural records. 
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Figure 5.38. Scaled and mean response spectra for the family of best 7 accelerograms and 

design spectrum; (a) spectra with PGA = 0.2g; (b) spectra with PGA = 0.4g; (c) spectra with 

PGA = 0.6g. 
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5.6.6.3 Seismic response under the critical EGM  

In this study, the most critical input motion (with regard to maximum displacement) was 

found to be the accelerogram 1551 recorded during the 1999 Chi-Chi, Taiwan earthquake 

(see Table 5.6). Figures 5.39a and 5.39b show the horizontal and vertical acceleration 

time history of the records. The seismic response of the portal frames with and without 

C-devices under the above EGM scaled to seismicity levels, LS, MS and HS, are 

illustrated in Figure 5.40, respectively. In general, it is observed that the incorporation of 

the C-devices tuned to a strength of 0.5𝐹𝑑 is effective as it leads to reductions in the 

displacements of about 54%, 40% and 44% under the LS, MS and HS level, respectively.  

It is also observed that the maximum displacement ∆max of the original frame under the 

LS and MS levels is lower than the global displacement failure (∆𝑓 = 0.412m) obtained 

from the monotonic response. The value of the maximum displacement (∆max = 0.837 m) 

for the original frame under the HS level was much higher than the displacement at 

failure. In contrast, the maximum displacements for upgraded frames subjected to above 

EGM scaled to LS and MS levels (see Figures 5.40a and b) are much lower than the 

displacement at failure, which reveals an improvement in seismic response. For the 

upgraded structure subjected to record 1551 scaled to HS, the observed ∆max is 0.466 m, 

which is slightly higher than the displacement at failure but the upgraded structure under 

HS shows important reductions in the amplitude of the displacement cycles before and 

after the peak revealing a reduction in damage as shown in Figure 5.40c. 

The residual displacement ∆res of the frame in its original and upgraded states under the 

critical EGM scaled to the HS level is also studied (see Figure 5.40c). Towards the end 

of the excitation, the original and upgraded frames show residual displacements of 0.107 

and 0.058 respectively. These residual displacements are less than a drift of 1%.  

Figure 5.41 shows the displacement ductility demand 𝜇𝑑−∆ for the original and upgraded 

frames under the 1551 scaled to the LS, MS and HS levels. The values of  𝜇𝑑−∆ for the 

original frame were 0.82, 1.75 and 3.81while the values of 𝜇𝑑−∆ for the upgraded frame 

were 0.58, 1.61 and 3.24 under the LS, MS and HS levels respectively. The slight 

reduction of 𝜇𝑑−∆ observed in the upgraded frame is due to the fact that the yield 

displacement of the upgraded frame (∆𝑦 = 0.145 m, see Table 5.5) is much smaller than 

the yield displacement of the original frame (∆𝑦=0.220 m).  

Figures 5.42a and b compare the hysteretic behaviour of the original and upgraded frames 

under the critical EGM scaled to the HS level, respectively. It can be seen clearly that due 



128 
 

to the application of the devices, the stiffness degradation has been reduced. The 

hysteretic behaviour of the portal frame in its original and upgraded states in terms of the 

moment-rotation response at the plastic hinges of the column bases is illustrated in Figure 

5.43. In the original frame, it can be seen that  𝜃max rotation at column bases is around 

0.045 rad (see Figure 5.43a) and is much higher than the corresponding rotation capacity 

𝜃𝑓 = 0.0168 rad. The smallest safety factor ratio (𝜃𝑓/𝜃𝑑 ) is equal to 0.37. In the upgraded 

frame, 𝜃max is found to be equal to 0.025 rad (see Figure 5.43b) which is slightly higher 

than the corresponding capacity 𝜃𝑓 (0.023 rad). Therefore, the ratio 𝜃𝑓/𝜃𝑚𝑎𝑥 for the 

upgraded frame is equal to 0.93. Although the frame with devices has no sufficient safety 

factor, the ratio 𝜃𝑓/𝜃𝑚𝑎𝑥 has improved by up to about 60%, thus the devices in the 

upgraded frame are in a position to develop an important mechanism for dissipating the 

energy induced by the earthquake. In addition, as illustrated in Figure 5.43b, there is a 

drastic reduction in the inelastic response in the upgraded frame compared to the original 

frame (see Figure 5.43a). 

Finally, although the residual displacement of the upgraded frame under the critical EGM 

scaled to HS is reduced significantly (i.e. reduced to 54% of the value obtained for the 

original frame), its maximum displacement (0.466m) exceeds the predefined failure 

displacement (0.412m); hence the upgraded frame does not have adequate deformation 

capacity. Therefore, it is suggested that for the critical seismic scenario (i.e. using the 

critical EGM) expected on the ground type C, the proposed technique is unable to avoid 

the collapse limit. Major intervention such as column jacketing is required in this case. 

 

Figure 5.39. Acceleration time history of the horizontal and vertical components of Chi-Chi, 

Taiwan,138W, respectively. 
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Figure 5.40. Comparison of time-history response between original and upgraded frames under 

the 1551 EGM scaled to the LS, MS and HS levels respectively. 

 

Figure 5.41. Comparison of 𝜇𝑑−∆ between original and upgraded frames under the 1551 EGM 

scaled to LS, MS and HS level. 
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Figure 5.42. Comparison of hysteretic responses of the original and upgraded frames under the 

1551 EGM scaled to HS level. 

 

Figure 5.43. Comparison of moment-rotation response at the plastic hinges formed at the 

column bases under the critical EGM scaled to HS. 

 

5.6.6.4 Effectiveness of the calibration procedure for critical EGM 

To assess the effectiveness of the adopted calibration procedure, the characteristics of the 

moment-rotation at the critical regions under the critical EGM scaled to the HS level was 

studied. The results obtained from the time-history analysis of the upgraded frame with 

device strengths equal to 0.50𝐹𝑑 are shown in Figure 5.44. It can be observed that the 

plastic hinge at the column base behaves inelastically, as shown in Figure 5.44a. Similar 

inelastic behaviour is obtained for the deformation response of a device as (see Figure 

5.44b). This contrasts with the elastic response of the column region surrounded by an 

assembly of devices (outside and inside of the device assembly), as seen in Figures 5.44c 

and 5.44d, respectively. This is mainly attributed to the desirable behaviour (see Figure 

5.24b) of the upgraded frame with device strengths lower than the LEDS. On the other 

hand, using a device with a relatively higher strength (e.g. 3.00𝐹𝑑) as shown in Figure 
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5.45, an undesirable behaviour (see Figure 5.25c) can be anticipated. This is because the 

stress is expected to be significantly higher in the region of the device connection, in 

particular, in the column-device connections. Figures 5.45a and 5.52c show the response 

of the plastic hinges at the column base and near to the device connection, respectively. 

The elastic behaviour for devices and hinge regions surrounding the device assembly, as 

can be seen in Figures 5.45b, d, e and f respectively are expected due to the presence of 

very high device strengths. These results confirm the validity of the adopted calibration 

procedure. 

As pointed out earlier, the equivalent nonlinear springs are inserted in each corner of the 

beam-column joint of the portal frame. Devices act independently of each other. As 

exemplified in Figure 5.46 worked alternatively in tension and compression. 

 

 

 

 

Figure 5.44. Hysteretic response of critical regions using a device strength tuned at 0.5𝐹𝑑 under 

the critical EGM scaled to HS. 
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Figure 5.45. Hysteretic response of critical regions using high device strength under the critical 

EGM scaled to HS. 
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Figure 5.46. Hysteretic behaviour of the C-devices installed on the left and the right of the 

upgraded structure subjected to the critical EGM to HS level. 

 

5.6.6.5 Seismic behaviour under the least critical EGM  

In this study, the least critical EGM was found to be accelerograms 1197 generated by 

the 1999 Chi-Chi, Taiwan earthquake (see Table 5.6 and Figure 5.47).  

Figures 5.48 to 5.50 show the comparison of the time history analyses between the 

original and upgraded frames in terms of their displacement history, ductility demand and 

hysteretic behavior, respectively. However, the upgraded frame shows important 

reductions in the amplitude of the displacement cycles before and after the peak revealing 

a reduction in damage even under the least EGM. Moreover, there is a significant 

improvement in terms of the ductility demand, as shown in Figure 5.49 compared to the 

observation under the most critical EGM. 

Further assessment of the original and upgraded frames in terms of the residual 

displacement under the least critical EGM scaled to the HS level has been examined, as 

illustrated in Figure 5.48. It can be observed that the residual displacement of the 

upgraded frame is lower than the residual displacement seen in the original frame. 

Figure 5.50 shows the hysteretic response of the original and upgraded frames, 

respectively. It appears that the number of the inelastic cyclic loops noted in the upgraded 

frame (Figure 5.50b) is significantly higher than those observed in the original frame 

(Figure 5.50a). 
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Figure 5.47. Acceleration time- history of the horizontal and vertical record of the Chi-Chi, 

Taiwan,CHY028N, 1999 EGM. 

 

Figure 5.48. Comparison of time- history response between original and upgraded structures 

under the least critical EGM scaled to the LS, MS and HS levels respectively. 

 
Figure 5.49. Comparison of 𝜇𝑑−∆ between original and upgraded structures under the least 

critical EGM scaled to LS, MS and HS level. 
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Figure 5.50. Comparison of hysteretic responses between original and upgraded structures under 

the least critical EGM scaled to HS level. 

 

5.6.6.6 Overall performance comparison between original and upgraded 

structures using simplified models  

Time- history analyses of the portal frame with and without devices with EGMs scaled to 

LS, MS and HS levels are compared here in terms of the maximum displacement (∆max), 

maximum rotation (𝜃max) in column plastic hinges, storey-drifts, residual displacements 

(∆res), maximum base shears (𝑉max), displacement ductility demands (𝜇𝑑−∆) and rotational 

ductility demand (𝜇𝜃−∆) of the plastic hinges.  

It must be noted that, the displacement ductility capacity established by dividing the 

smallest displacement at failure corresponds to either global or local response by a yield 

displacement. The global failure displacement (∆𝑓) was defined by assuming a structure 

has failed when either a lateral drift in excess of 4% is archived or when a strength drop 

beyond 20% of the peak strength takes place. The local failure criteria were controlled by 

either a shear failure at the one of the columns of the structures or the flexural failure 

when one of the columns of the structures in exceeds its rotation capacity. For local failure 

criteria, a smallest displacement shear failure (∆𝑓−𝑣) and a smallest rotation displacement 

failure (∆𝑓−𝑟) were selected. 

Tables 5.8 to 5.10 summarise the results from the time-history analysis for the entire range 

of EGMs and seismicity levels. In general, the results indicate that the incorporation of 

C-devices tuned at a strength of 0.50𝐹𝑑 around the beam-column connections can result 

in significant reductions of seismic response in terms of the top displacements, rotational 

ductility demand and residual displacements. An opposite trend is shown with the base 

shear.   
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Table 5.8. Summary of time-history analysis results for the PC frame in its original and upgraded states under LS. 

No. EGMs 𝑆𝐹𝑜  𝑆𝐹𝑐𝑜𝑟𝑟  𝑆𝐹 

 

 

Displacement  

max  

[m] 

Rotation 

max  

[rad] 

Drift  

 

 

[%] 

Drift 

reduction    

 

[%] 

Residual 

displacement res  

[m] 

Max. base 

shear 𝑉𝑚𝑎𝑥  

 

[kN] 

 

 

   Original upgraded Original upgraded Original upgraded  Original upgraded Original upgraded 

1 1551 1.04 1.18 1.23 0.18 0.08 0.007 0.004 1.76 0.81 53.97 0.003 0.005 163 220 

2 1197 0.37 1.18 0.44 0.11 0.11 0.004 0.005 1.09 1.03 5.79 0.003 0.000 131 223 

3 4457 0.96 1.18 1.14 0.20 0.10 0.007 0.004 1.95 0.98 49.80 0.010 0.000 163 231 

4 787 0.95 1.18 1.12 0.13 0.11 0.005 0.005 1.22 1.02 16.03 0.004 0.007 127 233 

5 1052 0.68 1.18 0.80 0.14 0.08 0.005 0.004 1.32 0.77 41.61 0.005 0.000 132 222 

6 4863 0.77 1.18 0.91 0.15 0.12 0.005 0.005 1.48 1.19 19.53 0.006 0.000 136 243 

7 1513 0.73 1.18 0.86 0.12 0.11 0.004 0.005 1.14 1.11 3.06 0.004 0.006 129 247 

mean 0.15 0.10 0.0053 0.0046 1.42 0.99 27.11 0.005 0.003 140 231 

y  & 
y    0.220 0.145 0.0064 0.0056        

f  & 
f  0.412 0.412 0.0168 0.0232        

d   & d    0.67 0.70 0.8230 0.8120        

c  & c    1.87 2.84 2.61 4.10        
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Table 5.9. Summary of time-history analysis results for the PC frame in its original and upgraded states under MS. 

 No. EGMs 𝑆𝐹𝑜  𝑆𝐹𝑐𝑜𝑟𝑟  𝑆𝐹 

 

 

Displacement  

max  

[m] 

Rotation 

max  

[rad] 

Drift  

 

 

[%] 

Drift 

reduction    

 

[%] 

Residual 

displacement res  

[m] 

Max. base 

shear 𝑉𝑚𝑎𝑥  

 

[kN] 

 

 

   Original upgraded Original upgraded Original upgraded  Original upgraded Original upgraded 

1 1551 2.09 2.36 2.47 0.39 0.23 0.015 0.011 3.74 2.27 39.27 0.009 0.022 241 280 

2 1197 0.74 2.36 0.87 0.18 0.18 0.007 0.008 1.77 1.78 -1.04 0.004 0.019 173 286 

3 4457 1.92 2.36 2.27 0.32 0.22 0.012 0.010 3.10 2.09 32.54 0.005 0.008 194 322 

4 787 1.90 2.36 2.24 0.34 0.17 0.013 0.008 3.35 1.68 49.84 0.025 0.016 220 287 

5 1052 1.36 2.36 1.60 0.25 0.14 0.009 0.007 2.44 1.40 42.69 0.016 0.000 180 263 

6 4863 1.55 2.36 1.83 0.25 0.18 0.009 0.008 2.43 1.77 26.86 0.011 0.015 176 285 

7 1513 1.45 2.36 1.72 0.23 0.18 0.008 0.006 2.23 1.78 19.85 0.005 0.000 183 304 

mean 0.28 0.19 0.0104 0.0083 2.72 1.83 30.00 0.0107 0.0113 195 290 

y  & 
y    0.220 0.145 0.0064 0.0056        

f  & 
f  0.412 0.412 0.0168 0.0232        

d   & d    1.27 1.30 1.625 1.482        

c   & c    1.87 2.84 2.61 4.10        
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Table 5.10. Summary of time-history analysis results for the PC frame in its original and upgraded states under HS. 

No. EGMs 𝑆𝐹𝑜  𝑆𝐹𝑐𝑜𝑟𝑟  𝑆𝐹 

 

 

Displacement  

max  

[m] 

Rotation 

max  

[rad] 

Drift  

 

 

[%] 

Drift 

reduction    

 

[%] 

Residual 

displacement res  

[m] 

Max. base 

shear 𝑉𝑚𝑎𝑥  

 

[kN] 

 

 

   Original upgraded Original upgraded Original upgraded  Original upgraded Original upgraded 

1 1551 3.13 3.54 3.70 0.84 0.47 0.043 0.025 8.15 4.56 44.03 0.107 0.058 282 367 

2 1197 1.11 3.54 1.31 0.33 0.31 0.012 0.015 3.16 3.00 4.98 0.013 0.074 218 328 

3 4457 2.89 3.54 3.41 0.52 0.40 0.022 0.021 5.05 3.93 22.22 0.054 0.012 229 363 

4 787 2.85 3.54 3.36 0.57 0.27 0.024 0.013 5.53 2.63 52.43 0.042 0.019 240 343 

5 1052 2.03 3.54 2.40 0.35 0.24 0.013 0.011 3.41 2.36 30.67 0.036 0.005 197 309 

6 4863 2.32 3.54 2.74 0.37 0.25 0.014 0.011 3.57 2.38 33.31 0.040 0.016 215 331 

7 1513 2.18 3.54 2.58 0.38 0.29 0.014 0.013 3.71 2.77 25.37 0.034 0.012 222 333 

mean 0.48 0.32 0.0203 0.0157 4.65 3.09 30.43 0.047 0.028 229 339 

y  & 
y    0.220 0.145 0.0064 0.0056        

f  & 
f  0.412 0.412 0.0168 0.0232        

d   & d    2.18 2.20 3.172 2.803        

c  & c    1.87 2.84 2.61 4.10        

 



139 
 

5.6.6.6(i) Seismic displacement demand  

Figure 5.51a shows the value of ∆max for the frame in its original and upgraded states 

under EGMs while Figure 5.51b compares the results in the original and upgraded frames 

in terms of average values of the displacement for LS, MS and HS levels. It can be seen 

that all points in upgraded frames have an upper limit of about 0.45 m while the same 

limit for the original frame is about 0.80 m. It can be also noted that most points lie below 

the 45 degree line (96%), especially when the intensity of the seismicity levels is 

relatively large; which means that, in general, the incorporation of devices results in 

consistent reductions of damage in terms of the displacement demands. 

  

With respect to inter-storey drift, Figures 5.52a and b show the full set and average drift 

under the LS, MS and HS levels, respectively. Under the LS and MS levels, the devices 

reduce the inter-storey drift by 27% and 30%. According to Figure 5.52b, the mean inter-

storey under the HS level exceeds 4.65 and 3.1 for the frame in its original and upgraded 

states, respectively. The influence of the devices is relatively significant leading to a drift 

reduction of 30%, as seen in Figure 5.53. As expected, the original frame under the HS 

level has experienced significant inelastic response.  

Figure 5.54 shows a comparison of residual displacements in terms of the full set of 

results and average residual displacements for the original and upgraded frames under 

LS, MS and HS levels of EGM.  It can be observed that the residual displacement of the 

original frame is significantly reduced, in particular for the HS level. 

 

Figure 5.51. Comparison of displacement demands between original and upgraded structures for 

the entire range of records and seismicity levels. 
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Figure 5.52. Comparison of % drift for the structures in its original and upgraded states for the 

entire range of EGMs scaled to LS, MS and HS levels. 

 

Figure 5.53.Percentage of drift reduction in the upgraded frame for different seismicity levels. 

 

Figure 5.54. Comparison of residual displacement demands for the frame in its original and 

upgraded states under EGM scaled to LS, MS and HS levels. 
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5.6.6.6(ii) Seismic rotation demand in plastic hinges  

Figure 5.55 shows a comparison of the maximum (for each record) and the average 

rotation demand at the critical plastic hinges of the columns, in the original and upgraded 

structures for the entire range of EGMs scaled to three seismicity levels. A slight 

reduction in the rotation demand was observed as shown in Figure 5.55a. The average 

rotation demand at the critical plastic hinges of the columns for the original structure is 

0.02 which is higher than the average rotation demand of the upgraded structure (0.016 

rad) as shown in Figure 5.55b. 

 

Figure 5.55. Comparison of rotation demand between original and upgraded frames for the 

entire range of EGM scaled to three seismicity levels. 

 

5.6.6.6(iii) Seismic base shear demand  

A further comparison in terms of the base shear of the frame in its original and upgraded 

states has also been conducted. Figure 5.56 show the scatter plots of the full set and 

average base shear demand for the original and upgraded frames, respectively.  This 

figure shows that the base shear of the original frame tended to increase with the level of 

excitation, in particular, in the upgraded frame. However, a small increment in the base 

shear forces was observed under the HS level. This increment (see Figure 5.57) in the 

base shear forces demand is not necessarily a concern since the shear strength does not 

exceed the shear capacity, which is explained in details later. 
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Figure 5.56. Comparison of maximum base shear between original and upgraded frames for the 

entire range of seismicity levels. 

 

Figure 5.57. Comparison between LS, MS and HS levels in terms of percentage of base shear 

increments. 

 

5.6.6.7 Seismic displacement ductility demands 

Figure 5.58 shows a comparison of displacement ductility demands 𝜇𝑑−∆ under EGM. It 

can be observed that for the LS level, the original frame behaves in an essentially elastic 

way; hence, the incorporation of C-devices in this case may not be necessary. It can also 

be seen that the variability of ductility demands tends to increase with the level of 

excitation, since more inelasticity is induced in the portal frame under consideration, as 

illustrated in Figure 5.58b. 

Table 5.11 summarises the full set and the average displacement ductility demands for 

the frames in their original and upgraded states under EGMs scaled to the LS, MS and 

HS levels. It shows that the average values (𝜇𝑑−∆= 2.18) for the original frame at the HS 

level is higher than the displacement ductility capacity (𝜇𝑑−∆=1.87). This means that the 
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original frame has failed already. While for the upgraded frame, the 𝜇𝑑−∆ is 2.20 which 

is lower than the displacement ductility capacity (μc = 2.84) so this means that the 

upgraded frame dose not fail. It must be noted that the displacement ductility capacities 

are relevant to the displacement at failure by assuming a structure has failed when a lateral 

drift in excess of 4% is archived, as described in Chapter 4. 

In terms of the rotation ductility capacity 𝜇𝑐−𝜃, it can be observed in Figure 5.59 that the 

rotation ductility capacity (𝜇𝑐−𝜃= 2.61) of the original frame was exceeded for several 

records scaled the HS level. It must be noted that rotation ductility capacity was evaluated 

based on an approach described in Chapter 4. Table 5.12 summarises the assessment of 

rotation ductility capacity for original and upgraded frames. According to this table, the 

average value of the rotation ductility demand (𝜇𝑑−𝜃=3.17) of the original frame under 

EGM at HS level, exceeds the ductility capacity while the 𝜇𝑑−𝜃 of upgraded frame does 

not exceed this capacity. 

 

Figure 5.58. Comparison of full set of results and average 𝜇𝑑−∆ between original and upgraded 

frames under EGM scaled to three seismicity levels. 



144 
 

 

Figure 5.59. Comparison of full set of results and average 𝜇𝑑−𝜃 between original and upgraded 

frames under EGM scaled to three seismicity levels. 

 

Table 5.11. Displacement ductility demand (𝜇𝑑−∆) for the original and upgraded frame. 

EGMs 
LS level MS level HS level 

original upgraded original upgraded original upgraded 

1551 0.82 0.58 1.75 1.61 3.81 3.24 

1197 0.51 0.73 0.83 1.27 1.48 2.13 

4457 0.91 0.69 1.45 1.49 2.36 2.79 

787 0.57 0.73 1.57 1.19 2.59 1.87 

1052 0.62 0.55 1.14 0.99 1.59 1.68 

4863 0.69 0.84 1.14 1.26 1.67 1.69 

1513 0.54 0.79 1.04 1.27 1.74 1.97 

Average 0.67 0.70 1.27 1.30 2.18 2.20 

 

Table 5.12. Rotational ductility demand (𝜇𝑑−𝜃) for the original and upgraded frame. 

EGMs 
LS level MS level HS level 

original upgraded original upgraded original upgraded 

1551 1.02 0.67 2.33 2.02 6.69 4.49 

1197 0.63 0.83 1.04 1.47 1.92 2.61 

4457 1.15 0.80 1.88 1.78 3.47 3.76 

787 0.71 0.84 2.09 1.40 3.68 2.37 

1052 0.77 0.74 1.43 1.18 2.05 2.01 

4863 0.86 0.97 1.38 1.45 2.21 2.00 

1513 0.65 0.88 1.24 1.02 2.19 2.33 

Average 0.83 0.82 1.63 1.47 3.17 2.80 
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5.6.6.8 Seismic displacements 

Figure 5.60 shows a comparison of the displacement demand/capacity (D/C) ratios in the 

original and upgraded frames for EGMs scaled to three seismicity levels. The results 

displayed in this figure indicates that the original frame is likely to fail for the HS level. 

In contrast, the average D/C ratio for the upgraded frame under the HS level is less than 

1.0.  Significant improvement is seen in the upgraded structure with respect to less D/C 

ratios compared to the original structure (see Table 5.13).  

 

Figure 5.60. Maximum and mean inter-storey drifts calculated for the original and upgraded 

frame under the entire range of EGMs scaled to three seismicity levels. 

 

Table 5.13. Deformation demand/capacity (D/C) ratios for original and upgraded frame. 

EGMs 
LS level MS level HS level 

original upgraded original upgraded original upgraded 

1551 0.44 0.20 0.94 0.57 2.04 1.14 

1197 0.27 0.26 0.44 0.45 0.79 0.75 

4457 0.49 0.24 0.78 0.52 1.26 0.98 

787 0.30 0.26 0.84 0.42 1.38 0.66 

1052 0.33 0.19 0.61 0.35 0.85 0.59 

4863 0.37 0.30 0.61 0.44 0.89 0.60 

1513 0.29 0.28 0.56 0.45 0.93 0.69 

Average 0.36 0.25 0.68 0.46 1.16 0.77 
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5.6.6.9 Seismic shear in columns 

Figure 5.61 shows a comparison of demand/capacity ratios for shear in columns of the 

original and upgraded frames under EGMs scaled to the LS, MS and HS levels. The shear 

capacities of the columns for original and upgraded frames are equal to 1,303 kN and 

1,313 kN, respectively according to PVX model (Section 4.2.1.2). This is much higher 

than the corresponding shear demand found for both the original and upgraded frames. 

On the other hand, the maximum shear force carried by transverse reinforcement only 𝑉𝑠, 

which is about 796 kN using the last term of equation 4.4 in Chapter 4, is sufficient to 

carry the entire shear force. This is a clear indication that the shear capacity of the columns 

is enough to meet the displacement ductility demands. Therefore, the frame is not at risk 

of failure due to shear. 

 

 
Figure 5.61. Base Shear D/C ratios of columns for PC frame under consideration. 

 

5.6.6.10 Seismic shear in the beam 

In terms of the shear resistance of the beam, the maximum shear observed from the 

nonlinear time-history analyses is considerably lower than the corresponding shear 

capacity for the beam in the original frame. The most critical shear demand for the beam 

is found to be 1,400 kN. Hence, the shear carried by the hoops alone is 1,100 kN and the 

shear capacity resisted by concrete is 943 kN using equations 4.13 and 4.8 in chapter 4 

respectively. It seems the structures have a largely shear capacity (2043 kN) of the cross-

section to resist the shear demands of beams (1400 kN). This is attributable to the fact 

that the number of hoops required for the beam was consistently larger than that resulting 

from the shear resistance requirements (the demand).  
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5.7 Modelling of the PC beam-column joints 

As pointed out in Chapter 2, PC framed buildings with simple connections where beams 

sit on top of columns have experienced collapse due to the loss of seat. In several 

earthquakes in Turkey and Italy, it has been observed that a lack of sufficient anchorage 

between the beam and column results in loss of seat and subsequent collapse to the floor 

(Belleri et al., 2015a). A recent study conducted by Apostolska et al.  (2012) analysed the 

seismic response of the PC joints, particularly when using vertical dowels at the contact 

regions. The study proposed a nonlinear model to investigate the vertical dowel action at 

the beam-column joint. A pivot hysteretic model (Dowell et al., 1998) used to define a 

nonlinear spring to represent the dowel action. The properties of this spring were obtained 

from an experimental study of the cyclic response of dowel connections, conducted by 

Fischinger et al.  (2012). Although this model was able to identify several types of failure, 

such as failure at the dowel itself and at the supporting region, this study did not consider 

the effects of friction between the beam and column. This is because, the friction at the 

beam-column interface was seen as the main source for absorbing the resisting forces 

rather than the dowel action (Bournas et al., 2013a; Bournas et al., 2013b). Furthermore, 

the pivot hysteresis model could be a good choice to define the cyclic moment versus 

curvature or moment rotation relationships of a cross section (i.e. it is not a cyclic material 

model). In fact, the Pivot hysteresis model was not developed to model material response 

but to model cross sections or member cyclic response. 

Recent observations have also shown that, when subjected to cyclic loading, dowels 

anchored on both sides of the loaded section in the contact region are not reliable and 

solely rely on shear friction, with and without neoprene pads (Magliulo et al., 2014; 

Belleri et al., 2015a). These observations confirm past test results on the beam-column 

connections of PC frames conducted by Engström  (1990) in that friction effects in the 

joint contribute in a considerable way to the total shear capacity when the beam is forced 

to slide horizontally on the support at the loaded section. 

The above means that there is need to develop a nonlinear model to estimate the frictional 

slippage between the beam and column surfaces in contact accounting for the connection 

details (column pocket). Other mechanical phenomena, such as the pounding between the 

beam and column surfaces which are in contact and the gaps between the beam and 

column pockets should also be accounted for. With proper consideration of these 
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contributions, it will be possible to more closely assess the actual ductility demand of a 

given PC portal frame and to assess more accurately its deformation capacity.  

The frictional joints of PC frames are then used in subsequent chapter to assess and 

compare the response of PC structures in their original and upgraded states, which are 

much better than using pinned joints as used in the past research (Mata Almonacid et al., 

2007; Magliulo et al., 2008; Martinelli and Mulas, 2010).  

5.7.1 Description of the PC beam-column joints 

Figure 5.62 illustrates a typical beam-column configuration used in PC portal frames. A 

PC I-beam section sits in a pocket that is set within the column. Figure 5.62a shows the 

height of the column end ( Ph  = 700 mm) for the column pocket while Figure 5.62b shows 

the contact region, which is designed with in an area of 400 mm x 400 mm. There is often 

a gap of g = 30 mm between the end of the beam and the pocket element as shown in 

Figure 5.62. The beam is usually set on the loaded section (the seat line) within a specified 

length el , which is the main source of the friction, as shown in Figure 5.62a). A distance 

e of 0.115 m is assumed to define the eccentricity measured from the column depth centre 

to the imposing shear forces of the beam resulting from a gravity load (N). Therefore, if 

the PC beam moves in X direction towards the gap, the beam at some point will contact 

the column pocket. On the other hand, if the beam moves in opposite direction towards 

the edge a distance greater than el , the beam will fall off the PC column. This type of 

failure is commonly referred to as loss of seat. More detailed information about this 

connection can be found in Martinelli and Mulas  (2010).  

 

(a) side view      (b) top plan view 

Figure 5.62. PC beam-column joint with a pocket restraint (all dimensions in mm). 
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5.7.2 Modelling of the PC beam-column connection 

As previously mentioned, the connection details and friction at the contact surface can 

significantly affect the inelastic response of the PC structure. In the current study, special 

attention is given to the modelling of the connection between the beam and the columns 

in order to predict the frictional slippage between the beam and column surfaces which 

are in contact. Other mechanical phenomena such as the pounding between the beam and 

column surfaces when the gaps in the connections are closed are also accounted for. In 

the interest of simplicity, it is assumed that the effects of the horizontal dowel action is 

ignored.  

5.7.2.1 Friction  

The most well-known friction model is Coulomb friction, which is defined by 

f sF N    for 0v       (5.18) 

 
.

sgnf kF N U    for 0v       (5.19) 

Where 
fF  is the friction force tangential to the contact surface; between the bodies; N

is the normal force (i.e. the gravity load) on the contact surface. s and k  are coefficients 

of static and kinetic friction respectively. The term sgn ensures that the friction force 

opposes the velocity (
.

U ).  

Dynamic sliding friction produces frictional damping. The constitution of the material 

surface is relatively stable, and there is no marked penetration or normal plastic 

deformation of the interface. It is this type of friction that is considered in this study. 

5.7.2.2 FE model of frictional joints (FJ) 

Figure 5.63 displays the FE model in 2D used to predict the frictional slippage between 

the beam and column surfaces which are in contact. The model consists of pocket, friction 

and gap elements as part of an assembly of inelastic elements. The pocket element 

represents the pocket that is set within the PC column as shown in Figure 5.62a. The 

pocket element is modelled using an assembly of 3 inelastic RC elements. These inelastic 

elements have been arranged to be at the base of the pocket, close to the assembly of gaps 

and between the gap elements. The concrete strength of 45 MPa with a confinement effect 

of 1.00 are assumed to model the concrete material of the pocket elements. The cyclic 

model of concrete, as indicated in Chapter 4, was used to model the hysteretic behaviour 

of the concrete material. To model the steel reinforcement, a cyclic curve with a kinematic 
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hardening model (see Chapter 4) for a yield strength of 430 MPa was used. The 

parameters of the cyclic curve of steel were also estimated, as mentioned in Chapter 4. 

To model the friction between the contact surfaces (the seat line as seen in Figure 5.62), 

the Friction-Pendulum (FP) isolator element available in SAP2000 was used. The FP 

element with its degrees of freedom (DOF) ( 1u  and 2u ), illustrated on Figure 5.63, are 

normally used to model base isolation systems relaying on friction damping and small 

amplitude pendulum motion. The FP element can also be adopted to model the friction 

behaviour between the contacting surfaces by setting the radius of the pendulum ( r ) to 

zero resulting in a flat surface. The FP elements were placed at the seat line using two 

joints (the upper and lower ones) between the column and the beam. The FP elements are 

modelled as joint elements between the beam and column with elastic-perfectly plastic 

hysteretic behaviour, other robust models such as those proposed by Wen  (1976) and 

Park et al.  (1986) are not available in SAP2000. The FP element can result in model 

forces due to sliding of two dry surfaces in the direction of 2u . The friction forces are 

directly proportional to the compressive axial forces N  resulting from a gravity load of 

the frame. The friction force is taken to be equal to N , where   denotes either the 

coefficients of static ( s ) or kinetic friction ( k ). The coefficient of sliding friction ( k

) at sliding velocity (
.

U ) is given by the following equation (Constantinou et al., 1990) 

.

( )

max ( )aU

k f Df e         (5.20)  

Where maxf is the friction coefficient at fast velocity and Df  is the difference between 

the friction coefficients at fast velocity and the friction coefficient at zero velocity, a is 

the constant for a given bearing pressure and the conditions at the interface.  

It must be noted that the slippage between the beam and the column at the contact depends 

on the friction coefficients ( s , k ) and the magnitude of stiffness ( xK ) in 2u - direction 

(see Figure 5.63). In this study, the value of the xK was defined form the load transfer 

(gravity load) on the column divided by 0.0005 m, which was assumed in this study. Care 

must be taken to evaluate the shear stiffness xK . A low value of load transfer force, a high 

sliding may expect. On the other hand, if no slippage is desired, a high value of transfer 

force should be used and then the beam will stick to the column as pinned joints.  

In addition to the FP element above, the gap elements (G1 and G2) were placed between 

the end of the beam and the inner part of the column pocket accounting for the existence 

of a pocket at this location (see Figure 5.62a). Both gaps at the top and bottom are 

designed to be free to move away from the centroidal axis of the column pocket (5.70), 

but the beam end can stop when these gaps are closed at the connections. A 30 mm gap 
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of a double joint element between the beam and pocket (see Figure 5.63) was assumed. 

The opening and closing of the gaps were specified for one deformation ( 1u ) of the DOF. 

A high compression stiffness (K) were used as properties of the gap elements for a 

nonlinear analysis. It was suggested to that, a stiffness of 10 times the stiffness of the 

pocket itself ( 33 / PEI h ) was used to define the compression stiffness of the gap, where E  

and I  are the modulus of elasticity and moment of inertia at the strong axes of the pocket 

section while Ph  is the vertical length of the pocket element (see Figure 5.62a). 

 

Figure 5.63. Details of the FE mesh need to model the nonlinear behaviour of PC beam-column 

joints. 

5.7.2.3 An example of the application of the FJ 

The inelastic model of the portal frame defined in Section 5.6 has been adapted here to 

study the influence of a frictional joint on the performance of a frame. The refined mesh 

shown in Figure 5.63 was used to model the beam- column joints. A static friction 

coefficient of 0.57 was assumed for the dry interface (that is concrete to concrete) (Rabbat 

and Russell, 1985; Engström, 1990) while the dynamic coefficient was found to be 20% 

of the static coefficient (Mendez-Urquidez, B.C., 2009). The Kx- values of the FP model 

obtained from the three gravity load levels: light (LGL= 0.5 kN/m), moderate (MGL = 5 

kN/m) and heavy (HGL = 20 kN/m), were used to examine the effect of the friction at the 

seat line on the response of the frame. The axial stiffness of the gap elements, G1 and G2, 

was chosen to be very high as the axial stiffness of the beam is very high compared to the 

bending stiffness of the pocket elements. Furthermore, a parameter rate a of 41 described 
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the bearing pressure and conditions of the interface is used. It is important to mention that 

the value of a depends on the condition and bearing material of interface (e.g. type of 

Teflon-steel interface). Various values of a adjusted based on experimental results can be 

found in (Mokha et al., 1988; Constantinou et al., 1990; Nagarajaiah et al., 1991). It may 

be reasonably assumed that by using the same a in all frames under LGL, MGL and HGL, 

the difference in behaviour of the frames compared with their counterpart are not 

attributed to analysis procedure but to the effects of the gravity load on the frictional 

joints. Finally, as mention earlier, the radius of pendulum 𝑟 was assumed to be zero, 

indicating a flat surface. 

5.7.2.4 Response under harmonic excitation load 

To assess the effectiveness of the improved FE mesh, a harmonic ground motion shown 

in Figure 5.64 was applied to the model of the original frame. This ground motion is 

characterised by the sinusoidal horizontal ground motion with PGA = 0.05g, duration of 

3.12 sec and the frequency of excitation   = 4.0 rad/sec. Note that, the frequency of 

vibration of the system using an elastic stiffness is   = 8.9 rad/sec, 7.5 rad/sec and 5.1 

rad/sec under LGL, MGL and HGL respectively. 

Figure 5.65 shows the displacements relative to the ground of the ends of the beam (Node 

2, see Figure 5.63) and column (Node 1) at the contact surface under harmonic excitation 

for three gravity load levels. According to Figure 5.65a, sliding commences immediately 

and continues until the end of the time history while in Figure 5.65c sliding starts after 

1.5 sec. It seems that the MGL level produces no slip at the beginning due to high internal 

friction forces at the friction joint as shown in the hysteretic response of the FP (see Figure 

5.65d). In contrast, when the beam sticks to its seat there is no relative motion between 

beam and column ends (see Figure 5.65e). It can be clearly seen that the HGL level 

produces no at all. Liner response was observed in contact region, as seen in Figure 5.65f.  

Plots of the slip displacement at the contact region with respect to the time for the three 

gravity load levels are shown in Figure 5.66. This figure also shows the response of the 

gap elements (ii and iii plots) in terms of their opening (+) and closing (-) displacements. 

As can be seen from this figure that the slip displacement at the contact region does not 

exceed 0.03 m in all cases when the gaps are closed while a slip displacement of 0.12 m 

or more was observed when the gaps open under the LGL and MGL levels. In contrast, 

there is no frictional slippage between the beam and column under the HGL, as illustrated 

in Figure 5.66c. 
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Figure 5.64. Harmonic ground motion of short duration. 

 

 

 

Figure 5.65. Comparison of relative displacement and hysteretic behaviour at the contact surface 

under harmonic excitation for three gravity load levels. 
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(a) under LGL 

 

 

(b) under MGL 

 

 

(c) under HGL 

 

Figure 5.66. Displacement time history response of FP element and gap elements under El 

Centro NS 1940 EGM for three gravity load levels. 

 

 

 

5.7.2.5 Response under EGM 

To more realistically assess the influence of the refined mesh of the beam-column joint. 

A nonlinear time-history analysis of the original portal frame subjected to the El Centro 

EGM (Figure A1.7 in Appendix 1), was performed with a 5% viscous damping.  
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Figure 5.67 shows the TH of displacements (relative to the ground and the slip) between 

the end of beam and column under the El Centro NS, 1940 EGM for different gravity 

load levels. Generally, the patterns of the relative displacement response and hysteretic 

behaviour at the contact surface were similar to that those observed under harmonic 

excitation. 

The bounding phenomena between the beam and column surface exhibited in the plots 

5.74b, 5.74d and 5.74f is a result of the friction at the contact surface. The friction 

behaviour at the contact region obtained from FP model depends partially on the 

magnitude Kx, since smaller Kx values could produce greater peak displacements. A high 

value of  Kx resulting from a heavy gravity load level will then to reduce the friction 

slippage at the contact region. 

Figure 5.68 shows that the slip displacement versus time history does not exceed a gap of 

0.03 m in all cases when the gaps are closed. In contrast, when the gaps are opened, a 

larger friction slippage may be expected. The slip displacements when the gaps are 

opened are 0.23 m, 0.15 m and 0.00 m for the LGL, MGL and HGL, respectively. 

Figure 5.69 displays the hysteretic energy dissipated by frictional joints under EGM for 

three gravity load level. As can be seen from figure that the MGL level achieved the 

highest value of dissipation energy. 

It is intuitive to deduce from the results of the parametric analysis depicted in Figure 5.67 

to Figure 5.69 that as the frictional joint can influence the lateral displacements of the 

structure and become less important for HGL. For LGL and MGL, the hysteretic energy 

dissipated by frictional joint (see Figure 5.69) seem to have an important impact on the 

lateral displacement of the structure. 

The demand bearing stress at the contact region of the FJ was also studied in terms of the 

bearing stress versus time history. The bearing stress was estimated using the axial force 

variation (Figure 5.70) at the contact area obtained from the time history analysis divided 

over the contact area. It is important to highlight that the contact area changes when there 

is a slip (e.g. 0.23 m slip displacement when the gaps opened under LGL as shown in 

Figure 5.68a). On the other hand, it is 400 x 400 mm only at the beginning or when the 

beam "sticks" to the column during the whole TH (as in case of HGL). The bearing stress 

demand under LGL, MGL and HGL are 1.65 MPa, 1.30 MPa and 1.78 MPa, respectively 

under the worst cases scenario. However, these values seems that not exceed the 
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allowable bearing stress (13.5 MPa) at the contact surface recommended by EC2 as 

indicated in Chapter 4. Although, the slip displacement of 0.23 m in tension (+) for beam-

column joint under LGL (see Figure 5.68a) did not exceed the bearing length ( el ) (see 

Figure 5.62), it is still a concern since this value of slip displacements seems exceed the 

nominal length recommended limit by EC2 (0.144 mm from the edge of the support as 

described in EC2, Section 10.9.5.3). 

 

 

 

Figure 5.67. Comparison of relative displacement and hysteretic behaviour at the contact surface 

under El Centro NS 1940 EGM for three gravity load levels. 
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(a) under low gravity load level 

 

(b) under moderate gravity load level 

 

(b) under heavy gravity load level 

Figure 5.68. Displacement time history response of FP model and gap elements under El Centro NS 1940 

EGM for three gravity load levels. 

 

Figure 5.69. Hysteretic energy dissipated by fractional joint under El Centro NS 1940 EGM for 

high gravity load level. 
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Figure 5.70. Example of axial force variation in compression at the contact surface under El 

Centro NS 1940 EGM for HGL. 

 

 

5.8 Concluding remarks 

This chapter has shown that the use of equivalent nonlinear springs is an effective 

approach to model the monotonic and cyclic behaviour of C-devices. The properties of 

these springs can be calibrated based on the results obtained from inelastic FE analysis of 

the C-device. In fact, it was observed that the simpler FE model built in SAP2000 (relying 

primarily on a non-linear fibre element formulation) showed good agreement with the 

equivalent nonlinear springs. 

A new seismic retrofitting technique of precast RC portal frames using yield C-devices 

locally incorporated at the PC connections was also presented in this chapter. The beam-

column connections of the precast RC portal frames under study were modelled as pinned 

connections. From the results of T.H. analyses using scaled natural EGMS it can be 

concluded that the performance of the portal frames with devices is satisfactory. The 

following conclusion are drawn from this chapter: 

1. From the results of T.H analyses, the device strengths calibrated at LEDS did not 

induce an undesirable collapse mechanism in both upgraded PC column and 

upgraded framed structure means the C-devices yielded and, for the portal frames, 

plastic hinges formed only at the column bases. 

2. The influence of the device strengths tuned at 0.5Fd is relatively significant leading 

to an average drift reduction of 27%, 30% and 30% for upgraded structures 

subjected to EGM scaled to LS, MS and HS levels respectively. 

3. Upgraded structures exhibited negligible or low permeant deformation. On the other 

hand, the average residual displacement reduced by 47% and 40% when the devices 
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are applied, in particular for those upgraded structures subjected to EGMs scaled to 

LS and HS levels, respectively.  

4. The suggested retrofitting technique also results in a substantial reduction of 

rotational demand at the critical region of the columns in the upgraded structures 

(i.e. more than 48% reduction).  

5. A significant improvement was observed in the upgraded structures with respect to 

smaller D/C ratios of either shear or displacement compared to the original structure, 

in particular, for those under HS level. The average D/C ratio of displacement for 

the upgraded structures subjected to EGMs scaled to HS level is less than 1.0 while 

a ratio of more than 1.00 was observed in original structures.  

6. It can be concluded that the application of the device in PC portal frames produces 

a moderate increment in the base shear demand , in particular for those under MS 

and HS levels (less than 48%), which showed largely shear capacity of the cross-

section. 

When comparing the response of the frictional joint under three gravity load levels, it can 

be said that the presented nonlinear 2D FE model is able to give a reasonable 

approximation of the friction behaviour. Furthermore, it can be seen in examples 

presented in Sections 5.7.2.4 and 5.7.2.5 that the presented 2D FE mesh approximates the 

relative displacements to the ground motion of the ends of the beam and column at the 

contact surface. The results also indicated that the presented method captures some 

seismic energy loss in the frictional joint. Hence, the presented refined mesh is adopted 

in the subsequent chapter to represent the PC beam-column connection rather than using 

pinned.  

It is also important to highlight that the above FE model was limited to predict the 

interaction behaviour between the beam and column support at contact region. Although 

the frictional model is able to give a reasonable frictional slippage and bonding between 

the beam and column surfaces in contact, the model options discussed can be useful for 

detailed simulations of beam-column model with large possible out-of-plane instabilities, 

a complete model is required. Further refinements of the model can be implemented to 

cover the effects of either horizontal or vertical dowel actions calibrated by experimental 

results. A verification study against experiments on the PC beam column connection is 

also required.      
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6 Chapter 6 ….. 

 

 

Finite element modelling of the C-device 

 

 

 

6.1 Introduction 

Simplified model of the C-device using inelastic element was introduced in Chapter 5. In 

this Chapter, an elaborate model of the C-device using two-dimensional (2D) inelastic 

finite element (FE) analysis of solid elements under plane stress is developed. This model 

was generated to assess the influence of the circular transition r  and dissipative region 

dL . The FE model also accounts for the frictional forces developed between the steel 

plate and the bolts used to connect the C-device to structural members. FE results also 

allow the visualization of stress in the inelastic regions of the device where energy 

dissipation is expected to occur. Therefore, a large number of the FE analyses are reported 

in this chapter and used to calibrate a 1D equivalent inelastic spring model that effectively 

reproduces the cyclic response of the entire FE model of the device. Results obtained 

from FE analyses are compared against those obtained from test results under monotonic 

load in Chapter 8. 

 

6.2 Steps for FE modelling of the C-device  

To assess the influence of the circular transition and the aspect ratio of the dissipative 

region on the performance of the C-device, a number of FE models of the device were 

developed and studied using the FE program ADINA version 9.2.1 (ADINA, Inc., 2016). 

The main aspects associated to the implementation of the FE Model are discussed in the 

following sections.   
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6.2.1 Geometry of the C-device model  

In the interest of saving computer effort while maintaining the same accuracy of a more 

elaborate C-device model, symmetry condition were accounted for; hence only half of 

the C-device was modelled. A 10 mm thick plate of the C-device was used. Table 6.1 

summaries the geometry of the FE models.  

It must be noted that the elements to connect the devices to the structure, including anchor 

plates, anchor bolts, transverse plates (see Figure 5.28), were not considered in the FE 

analyses. Attention was focused on the modelling of C-plate (and its connecting 

boundary) that constitutes the C-device.  

Table 6.1 Geometric dimensions of FE models (refer to Figure 6.1). 

No Device 

name 
𝐿𝑑 

[mm] 
𝑟 

[mm] 
ℎ𝑏 

[mm] 
ℎ𝑐 

[mm] 
𝐿𝑦 

[mm] 

𝐿 
[mm] 

𝐿𝑥 
[mm] 

ℎ 
[mm] 

∅ 
[mm] 

1 R30-1hb 58 30 58 80 65 278 198 130 20 

2 R30-2hb 116 30 58 80 65 336 256 130 20 

3 R30-3hb 174 30 58 80 65 394 314 130 20 

4 R40-1hb 58 40 58 80 65 298 218 130 20 

5 R40-2hb 116 40 58 80 65 356 276 130 20 

6 R40-3hb 174 40 58 80 65 414 334 130 20 

7 R50-1hb 58 50 58 80 65 318 238 130 20 

8 R50-2hb 116 50 58 80 65 376 296 130 20 

9 R50-3hb 174 50 58 80 65 434 354 130 20 

 

6.2.2 Material properties 

The same cyclic curve model of steel for a yield strength of 275 MPa showed in Figure 

4.18 and used previously in Chapter 5 for the simplified models analysed in SAP2000 

was also adopted here. It was also considered a linear extrapolation beyond the peak point 

of the stress- strain curve of steel (i.e. stress and strain of steel at ultimate), assuming the 

device has not failed in tension and compression. To model the steel material of the high- 

strength steel bolt, an elastic isotropic material model is assigned. The modulus of 

elasticity and Poisson ratio are taken as 200 GPa and 0.3, respectively.  

6.2.3 FE Mesh 

In the C-device models, deformations are expected to occur primarily in the dissipative 

region and the circular transition regions. Thus the number of the elements used is very 

critical since a large number of elements increases the accuracy of the results. On the 

other hand, a model with a finer mesh contains a significant number of elements and 

becomes computationally more demanding. With respect to the YZ plane (see Figure 6.1) 

the FE mesh consists of primarily of 2D solid elements under plane stress of dimensions 

2 x 2 mm. The thickness t (Figure 6.1) of these elements is 10 mm.  



162 
 

Consistent and sufficiently dense meshes were adopted over the contact surfaces (bolt 

and bolt hole) to improve the convergence of the FE analyses. Figure 6.1 shows meshing 

details of one of the FE models developed in ADINA. Each model has a variable number 

of elements and element nodes. The total numbers of elements, nodes, element group for 

all models are given in Table 6.2.  

To identify whether the mesh used has been fine enough, the criterion of the stress band 

method (Sussman and Bathe, 1986) was used. The basic idea of this criterion is that the 

mesh is sufficiently refined only if all of the stress bands (either the pressure or the von 

Mises effective stress) are clearly "distinguishable". On the other hand, the stress bands 

will be reasonably continuous. Conversely, if the bands are "indistinguishable" then more 

elements should be used in that region. In fact, the breaks in bands indicate stress 

discontinuities, the bands may be "indistinguishable". This method is also useful not only 

in judging the accuracy of a finite element solutions during mesh refinement but also in 

the same manner to compare the accuracy of the FE using 4-node, 8-node and 9-node 

elements. More detailed studies of the evaluation of finite element mesh is beyond the 

scope of this review, nevertheless, more information can be found in Bathe  (2006). 

It is important to mention that in the present finite element, the plate model depends on 

the aspect ratio (a/b) (see Figure 6.1) of the 2-D solid element under plane stress assuming 

there is no stresses in X- direction (i.e. C-shaped plate under in-plane actions). The mesh 

arrangements along the plate is not arbitrary but must be made an assumption that the 

lateral-torsional buckling of the C-device is not an issue. Otherwise, the aspect ratios (a/b) 

and (a/t) of the 3-D solid element under plane strain for the plate should be considered, 

particularly, if the thickness t (Figure 6.1) of the plate is large. For the case of solid 

element under plane strain, the accuracy for a/t ≥ 4 is considered acceptable (German et 

al., 1983).      

Table 6.2. Summaries of elements, nodes and group used in all models 

Device 

name 

Total elements of each 2D solid element group 
Nodes 

group 1 (C-device) group 2 (bolt) 

R30-1hb 4924 224 16047 

R30-2hb 5344 224 17236 

R30-3hb 5783 224 18583 

R40-1hb 5262 224 16954 

R40-2hb 5665 224 18191 

R40-3hb 6088 224 19490 

R50-1hb 5527 224 17765 

R50-2hb 5945 224 19047 

R50-3hb 6386 224 20400 
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Figure 6.1. Meshing details of the FE model of the C-device. 

 

6.2.4 Element type 

Inelastic 2D solid elements under plane stress were used to model the C-device. These 

are widely used by researchers (Sussman and Bathe, 1986; Ghabraie et al., 2010; Moradi 

and Alam, 2015; Jiao et al., 2017) . The 2D solid element under plane stress is defined in 

the ZY plane with a constant thickness element, as shown in Figure 6.2. More details on 

the 2D solid element can be found in Bathe  (2006). The FE model was meshed by using 

the 8-node quadrilateral finite elements. The mid-side nodes are placed at the halfway 
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between the corner nodes as shown in Figure 6.2. The 2D solid elements are 

recommended by ADINA for thin plates because they reduce the computational demands.  

      

 

Figure 6.2. Typical plot used for the node coordinates and displacements of the 2D solid 

elements (ADINA, Inc., 2016). 

 

6.2.5 Contact surface 

The interaction between components that are in contact in a bolted connection may 

significantly influence the accuracy of a nonlinear FE analysis. To model the contact 

region (see Figure 6.1) with and without friction, 8-nodes per element and node 

coincidence checking in ADINA are used. A deformable surface (device element) of the 

contact surface is selected to be the contactor and the bolt is defined as rigid surface. It 

was assumed the bolt is fully fixed because in reality the bolt could also rotate if there is 

fully friction, there is no slippage between the bolt and the device. Additionally, within 

the contact pair, the nodes of the device elements are prevented from penetrating the 

segments of the bolt surface but not vice versa. A zero gap is also assumed at the contact 

surface, which means that the device elements are idealised as touching the bolt surface. 

A friction coefficient equal to 0.4 is assigned to the contact elements when the friction is 

considered (Moradi and Alam, 2015). 

 

6.2.6 Boundary conditions and loading 

As previously mentioned the C-device is pin-connected using high strength bolts. The 

modelling of the bolt and its interaction with the device have to be done properly. The 

assumed behaviour for the bolt may affect the overall behavior of the C-devices. The half 

of the device is restrained at the bolt region. The inner nodes (see Figure 6.3) on the bolt 

surface were simulated as fully restrained while the outer nodes (see Figure 6.3) on the 

surface of the bolt hole were restrained against X-translation only. Similarly, the nodes at 



165 
 

the top right-hand end of the device were also restrained against X-translation only. The 

rotation around X-direction was assumed to be free for all nodes on the 2D solid elements 

considering all models sitting in the global YZ plane.  

The loading history was controlled by using a horizontal displacement in Y-direction at 

the right-hand edge along the constant cross section depth of the device as shown in 

Figure 6.4. Total displacement of 40 mm slowly was applied using small displacement 

increments by specifying a large number of steps (800-time steps). This helped to improve 

the convergence of the analyses. The structure we have is three dimensional but the 

loading and constraint system gives a stress distribution acting mainly in the global YZ 

plane. The stress through thickness (i.e. stress in XX terms) was ignored as it is expected 

to be negligible. 

  

Figure 6.3. Inner and outer nodes around the bolt hole. 

 

(a) R30-1hb under compression    (b) R30-1hb under tension load 

Figure 6.4. Load application in two device models. 

Inner node 

Outer nodes 

Zero gap 
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6.3 Principal stresses and Von Mises yield criterion  

Identification of the maximum and minimum either tensile or compressive stresses using 

principal stresses are important in the FE analysis. On the other hand, the compressive 

stress may induce local buckling in the C-device, particularly when using a thin plate. 

The principal stress can give a sense of the stress flow across the devices and all the 

identification of the region where the worst-case compressive or tensile stresses occur. 

The maximum and minimum normal stress ( 'x ) or called principal stress (Popov, 1990) 

are obtained as 

 
2

2
max' 1 2
min 2 2

x y x y

x or xy

   
  

  
    

 
   (6.1) 

Where x and
y are the stress in X and Y direction respectively, while 

xy is the shear 

stresses. A positive sign in front of the square root must be used to obtain the maximum 

normal stress 1  also called principal stress P1 and the negative sign is to obtain the 

minimum normal stress 2 also called principal stress P2. 

The largest shear stress regardless of sign is often called the maximum shear stress or 

principal stress P3 and is given by 

 
2

2
max
min 2

x y

xy

 
 

 
   

 
       (6.2) 

The von Mises stress yield criterion was also used to identify problem areas in terms of 

high stress concentration. The Von Mises stress can also be used to compare directly to 

yield strength and gives a good indication of margins of potential plastic response. The 

yield-point stress 
yp also called von Mises stress (Popov, 1990), can be expressed by 

means of the principal stress as: 

      2 2 2

1 2 2 3 3 1

1

2
yp               (6.3) 

The equation above has been given for a 3D plane stress, while for a 2D plane stress can 

be expressed as:  

2 2

1 2 1 2yp             (6.4) 

Where 1 , 1  and 1 are the principal stresses as defined before.  



167 
 

6.4 Evaluation of the mesh and element used 

In this section the predicted stress solutions of the C-device for different mesh used and 

different types of the elements (4-node and 8-node) are analysed and compared. The 

procedure described in section 6.2.3 used in mesh refinement is to choose a reasonable 

stress band and to refine the mesh until all of the stress bands are distinguishable.  

The constructed mesh was evaluated using just the stress along the regions of interest (i.e. 

circular transition and dissipative regions) as a guide for mesh refinement. To judge 

whether a finite element mesh is sufficiently refined for stress calculation, two types of 

mesh called 18 element mesh and 48 element mesh were used. For 18 element mesh, 18 

elements was created along the circular transition line and 2.5 x 2.5 mm element mesh 

was used elsewhere. For 48 element mesh, the same general mesh layout as for the 18 

element mesh is used, but more element are implemented near the circular transition and 

outer boundary of the regions of the interest (2 x 2 mm). It is important to highlight that 

all elements considered in this section are constructed using the 8-node element. In this 

section, we only considered the case of the C-device under tension load with friction 

coefficient 0.4. 

Figures 6.5a and b display the von Mises stress and pressure band plots for the 18 element 

mesh. It appears that within most of the mesh, the von Mises stress bands (Figure 6.5a) 

are continuous and distinguishable. However, several areas in which the stresses are not 

continues and then indistinguishable were observed (e.g. the area at the middle of the 

dissipative region as shown in Figure 6.5a). Considering the pressure band plots (see 

Figure 6.5b), several band areas are indistinguishable for both the dissipative and the 

circular transition regions.  

To obtain a more effective mesh, 48 element mesh was also studied. Notice that, 

compared to the 18 element mesh, the 48 element mesh is more effective and the stress is 

continuous (Figure 6.6). These plots show in Figures 6.6a and b that 48 element mesh is 

acceptable for stress prediction. 

Comparison between 4-node element and 8-node element was also studied based on the 

48 element mesh. As can be seen from both bands (von Mises and pressure stresses) 

shown in Figure 6.7 that the 4-node element is less effective that 8-node element (either 

Figures 6.5 and 6.6).  

In the view above It can be concluded that 48 element mesh with 8-node gives more 

accurate FE solutions compared to other element types. 
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(a) von Mises stress band  (b) pressure band stress 

Figure 6.5. von Mises and pressure band stresses for 18 element mesh under 8-node element. 

 

 

  

(a) von Mises stress band  (b) pressure band stress 

Figure 6.6. von Mises and pressure band stresses for 48 element mesh under 8-node element. 
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(a) von Mises stress band   (b) pressure band stress 

Figure 6.7. von Mises and pressure band stresses for 48 element mesh under 4-node element. 

 

6.5 Results from FE simulation 

6.5.1 Monotonic response 

Figure 6.8 shows a comparison of pushover response for models implemented in 

SAP2000 and ADINA. Results from these two programs share similarities in many ways. 

A very good agreement is observed in terms of force and stiffness for the entire range of 

displacements. 

 

Figure 6.8. Comparison of a FE analysis predictions. 
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In an analogous way Figure 6.9 presents the pushover response of the C-device using 

different friction coefficients subjected to tension load. Results of Figure 6.9 suggest that 

friction coefficient has a great effect on the strength of the C-device. Care must be given 

to estimate the friction coefficient. A lower value (less than 0.2) could be used instead, 

but FE results are found to be not sensitive to this small assumption. 

 

Figure 6.9. Influence of friction coefficients on the monotonic response of the C-device under 

tension load and without P-Delta effects. 

Pushover analyses of the devices in tension and compression without P-Delta effects are 

also conducted by considering and neglecting the friction at the contact region between 

the device and the bolts. For these analyses (if the friction is considered), 0.4 friction 

coefficient was used. Figures 6.10 and 6.11 present the force-deformation relationship for 

all analyses conducted in ADINA with and without friction. As expected, the shorter the 

length of the dissipative region the higher the device force. There is a clear increase of 

strength when friction is accounted for. However, the difference in force at a displacement 

of 0.035 is not significant (6.8% average difference). Initially, the stiffness appears to be 

independent of circular transition r and the dissipative region length Ld.  

Figures 6.12 and 6.13 summarise the pushover response for all FE models of the C-device 

without and with friction subjected to tension and compression monotonic load 

respectively. One would notice that the strength of the devices with friction is higher than 

the strength of the devices without friction, as shown in Figure 6.14. This is due to the 

effects of the interaction between the bolt and device. It was observed that for a given 

device, the strength is virtually the same for both tension and compression; mainly 

because the P-Delta effects have been ignored in the analyses. When the effect P-Delta is 

taken into account it can be important, as shown in Figure 6.15.  
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(a) r = 30 mm, without friction  (b) r = 30 mm, with friction 

 

 

(c) r = 40 mm, without friction  (d) r = 40 mm and, with friction 

 

 

(e) r = 50 mm, without friction  (f) r = 50 mm, with friction 

 

Figure 6.10. Influence of 𝐿𝑑 and 𝑟 on the monotonic response of C-devices under tension load, 

with or without friction modelling at the device-bolt contact region. 
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(a)  r = 30 mm, without friction  (b) r = 30 mm, with friction 

 

(c) r = 40 mm, without friction  (d) r = 40 mm, with friction 

 

(e) r = 50 mm and without friction  (f) r = 50 mm and with friction 

Figure 6.11. Influence of 𝐿𝑑 and 𝑟 on the monotonic response of C-devices under compression 

load, with or without friction modelling at the device-bolt contact region. 
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Figure 6.12. Strength of device models for different combinations of circular transitions 

size and length of dissipative region (friction neglected, without P-Delta effects). 

 

 

 
 

Figure 6.13. Strength of the device models for different combinations of circular 

transitions size and length of dissipative region (friction considered, without P-Delta 

effects). 

 

 
 

(a) device in tension    (b) device in compression 

 

 

Figure 6.14. Comparison of strength of the devices with and without friction subjected 

to monotonic loads without P-Delta effects. 
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Figure 6.15. Influence of P-Delta effects on the monotonic response of the C-device under 

tension and compression loads, without and with friction. 

 

Tables 6.3 and 6.4 summarise the results of all analyses conducted in terms of maximum 

von Mises stress, strength, maximum strain, and maximum rotation of the C-device about 

the X-axis. It can be clearly seen that the von Mises stress for all models was within the 

limit of the maximum stress of the steel material. It is also observed that the shortest 

devices experience higher strains, strengths and lower rotations. Note, to define the 

maximum rotation of the device, Figure 6.16 shows an example of force versus rotation 

of the C-device including a typical sketch. 

 

 

Table 6.3. Summary of device monotonic responses under tension load. 

𝑟 
[mm] 

Friction 
𝐿𝑑 

[mm] 

Max. von 

Mises stress 

[MPa] 

Strength 

[kN] 
Max strain 

Rotation 

[rad] 

30 

No friction 

58 386.1 47.09 0.532 34.5 

116 384.7 45.82 0.289 34.5 

174 384.9 44.28 0.198 34.5 

With 

friction 

58 386.2 50.48 0.538 34.0 

116 384.7 49.12 0.289 34.0 

174 384.8 47.48 0.198 34.0 

40 

No friction 

58 387.7 47.05 0.500 45.1 

116 384.6 45.73 0.265 45.1 

174 384.3 44.19 0.184 45.1 

With 

friction 

58 385.9 50.47 0.504 44.3 

116 384.6 49.06 0.265 44.4 

174 384.3 47.42 0.184 44.4 

50 

No friction 

58 385.2 47.00 0.480 45.1 

116 384.4 45.64 0.251 45.1 

174 384.1 44.10 0.176 45.1 

With 

friction 

58 385.3 50.46 0.484 44.3 

116 384.4 49.00 0.252 44.4 

174 384.1 47.36 0.176 44.4 
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Table 6.4. Summary of device monotonic responses under compression load. 

𝑟 
[mm] 

Friction 
𝐿𝑑 

[mm] 

Max. von 

Mises stress 

[MPa] 

Strength 

[kN] 
Max strain 

Rotation 

[rad] 

30 

No friction 

58 386.1 47.09 0.381 34.5 

116 384.7 45.82 0.175 34.5 

174 384.9 44.29 0.118 34.5 

With 

friction 

58 386.2 50.32 0.377 34.0 

116 384.7 48.95 0.172 34.0 

174 384.8 47.29 0.119 34.0 

40 

No friction 

58 387.7 47.05 0.359 45.1 

116 384.6 45.73 0.170 45.1 

174 384.3 44.19 0.118 45.1 

With 

friction 

58 385.9 50.27 0.355 44.3 

116 384.6 48.84 0.197 44.4 

174 384.3 47.18 0.116 44.4 

50 

No friction 

58 385.2 47.00 0.340 45.1 

116 384.4 45.65 0.165 45.1 

174 384.1 44.10 0.116 45.1 

With 

friction 

58 385.3 50.22 0.337 44.3 

116 384.4 48.75 0.163 44.4 

174 384.1 47.08 0.114 44.4 

 

 

 
 

Figure 6.16. Force versus rotation of the C-device under tension load without P-Delta effects 

and without friction. 
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6.5.2 Distribution of von Mises stress 

 

As exemplified in Figure 6.17 there is stress concentration around the circular hole where 

the bolt and device interact. In fact there is region around the bolt where bearing stress 

might produce yielding in the device. However, the extension of this region is very small.  

Figure 6.17 also shows that the use of a circular transition is effectively in keeping most 

of the yield inside the dissipative region. In fact the distribution of von Mises stress 

presents the most intense inelastic values mainly over a large volume of the dissipative 

region. Mild yielding (𝜎 >275 MPa) is evident over a small region of the circular 

transition.  

The above findings show the effectiveness of the adopted circular transition. If the 

circular transition is not implemented then the use of a 90° interior corner leads to a lower 

volume of intense yielding (see Figure 6.18) in the dissipative region, yielding in the arms 

of the device and stress concentration in the 90° interior corner that can trigger a brittle 

failure, particularly under cyclic loading. 

A number of stress comparisons in terms of von Mises stress are shown in Figures 6.19 

and 6.20. As expected there are two regions of high stress distribution in the C-device. 

The stress distribution can be clearly seen in the dissipative region and the circular 

transition of the C-device. It was also observed that a small value of the stresses is 

concentrated around the bolt hole when the friction is considered as shown in Figure 6.20. 

It is also observed that there are areas in the C-device that give a von Mises stress higher 

than yield stress. For example, a von Mises stress of 373 MPa was observed at the 

dissipative region while the yield stress is 275 MPa. Most of the dissipative region has 

yielded. As can be seen from these figures, the shortest the length of the dissipative region 

of the C-device the larger yield volume. The same overall behaviour of the von Misses 

stress was also observed for the other FE models of C-device.  

As discussed in the following section, the region of the tension and compression stresses 

can be visualised easily by using the stresses in Y- direction or using principal stresses.  
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(a) C-device R40-2hb subjected to tension load 

 

(b) C-device R40-2hb subjected to compression load 

Figure 6.17. von Misses stress distribution of the C-device R40-2hb (friction is considered), the 

stress values are in MPa. 

yielding  

yielding  
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(a) device subjected to tension load 

 

 

(a) device subjected to compression load 

Figure 6.18. von Misses stress distribution for device with 90° interior corner (friction is 

considered), the stress values are in MPa. 
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(a) device in tension (50R-1hb)  (b) device in compression(50R-1hb) 

 

 

 
 

 

(c) device in tension (50R-2hb) (d) device in compression (50R-2hb) 

 

 

 
 

 

(e) device in tension(50R-3hb) (f) device in compression(50R-3hb) 

 

 

Figure 6.19. von Misses stress distribution (friction is neglected), the stress values are in 

MPa. 

 



180 
 

 

 
 

 

(a) device in tension (50R-1hb) (b) device in compression(50R-1hb) 

 

 

 

 
 

 

(c) device in tension (50R-2hb) (d) device in compression(50R-2hb) 

 

 

 

 
 

 

(e) device in tension (50R-3hb) (f) device in compression(50R-3hb) 

 

 

Figure 6.20. von Misses stress distribution (friction is considered), the stress values are 

in MPa. 
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6.5.3 Stress in Y- direction (SYY) 

Figure 6.21 shows a stress distribution of a device model in the Y- direction SYY 

subjected to a tension load. This figure clearly indicates the overall behaviour of the C-

device, compression in the top fibres and tension in the bottom fibres. Distribution of the 

stresses along the plate indicates some of the zones of interest aligned with global Y- 

direction and that makes it convenient to check the stresses in those zones. For example, 

the zone A on the left side of Figure 6.21 must be a compression load path at the top and 

a tension load path in bottom. The stress contours have been clipped to the local regional 

values. It is also interesting to note that there is a low compressive axial load in the left-

hand side of the bolt due to bolt reactions. The elements near the bolt hole (the blue area) 

have a negative (compressive) stress, while the remaining elements around the hole (green 

area) have a positive (tensile) stress. This happened due to contact reactions at the bolt 

region. 

Figure 6.21 also shows the stress contour plot of the maximum and minimum principal 

stress, P1 and P3 respectively. Inspecting the contours shows a variation in axial stresses 

from 𝜎3 = - 383 MPa in compression to 𝜎1 = 383 MPa in tension. The region of zero SYY 

stress is consistent with the location of the neutral axis of bending of the dissipative 

region.  

Figure 6.22 shows deformed shapes of the device at different strain values. This figure 

also shows the stress contour plot of the maximum stresses of SYY when the maximum 

longitudinal strain of the dissipative region is equal to the yield strain 휀𝑦, ultimate strain 

휀𝑠𝑢 and failure strain 휀𝑓 of the steel used in the device.  

 
 

Figure 6.21. SYY stress and zone of interest (Zone A) for a C-device subjected to tension load 

(friction is not considered). 

Zone A 
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(a) stress of SYY when 휀𝑚𝑎𝑥 = 휀𝑦 

 

 
 

(a) stress of SYY when 휀𝑚𝑎𝑥 = 휀𝑠𝑢 

 

 
(a) stress of SYY when 휀𝑚𝑎𝑥 = 휀𝑓 

 

Figure 6.22. Stress SYY at yield, ultimate and failure strain (the stress values are in 

MPa). 
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6.5.4 Strain in Y- direction 

It was observed that the most inelastic regions occurred in the dissipative region as 

implied by the strain contour plot of the principal strains shown in Figure 6.23.  

It can be also seen from in Figure 6.24 that the displacement of the C-device at ultimate 

strain 휀𝑠𝑢 and failure strain 휀𝑓 are 25 mm and 35 mm respectively. This plot was not only 

used to identify the peak displacement ∆𝑢 or the displacement at failure ∆𝑓  but also 

undertaken to establish the yield displacement ∆𝑦 of the C-device to provide a database 

for late experimental work.   

 

 

 
 

Figure 6.23. Principal strains 

 

 
Figure 6.24. Strain – displacement curve. 
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6.6 Concluding remarks  

This Chapter presents a numerical study on C-device made from mild steel plates under 

in-plane tension and compression actions. The procedures and options for developing 

these elaborate models, using the advanced feature of the FE program ADINA, were 

described.  

After studying all the FE results it was found that the FE models are valid and effectively 

reproduce the monotonic response of the device. Further simulations were also performed 

as parametric studies to investigate the effects of a number of factors on the monotonic 

response of the C-device. These factors involve the length of dissipative region and radius 

of circular transitions. Furthermore, the interaction between the bolt and the device is also 

considered in this study assuming the bolt is fully fixed. The findings and observations 

from FE simulations are summarised as follow: 

 The results of the FE element analyses were sufficiently consistent with results 

obtained from the frame model build by SAP2000 when the friction is neglected. 

 When the length of the dissipative region of the device is reduced from 174 mm to 58 

mm (i.e. Ld = hb), the average maximum force at the peak displacement increased by 

6.34%.   

 The maximum force at the peak displacement of devices is virtually the same for both 

tension and compression when the P-Delta effects ignored in the analyses. 

 The early yielding of the tensile plate based on the result of von Mises stress was 

observed in the dissipative region. Also, it was observed that the circular transitions 

have a great effect on the performance of the C-device.  

 There is slight increase of the maximum force of the device when friction is accounted 

for (i.e. less than 6.8% average difference).  

 The results indicated that the volume of inelastic material under inelastic stress in the 

dissipative region of the device with 90° interior corner is much smaller than that of 

devices with circular transitions. Therefore, this research confirms that the detailing 

of the dissipative region and the circular transitions should be paid great attention 

when designing the C-devices.   
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7 Chapter 7 

 

Experimental investigation of the C-device under 

monotonic and cyclic loading 
 

 

7.1 General  

Experimental investigations play an important role in the understanding of structural 

engineering. Given their relative high cost compared with the development of analytical 

or numerical tools, experimental investigations are often undertaken to validate both 

analytical formulations and numerical models, where greater insight can be gained by the 

analysis of a wider range of scenarios without incurring significant expenses. In the 

subject of energy dissipation capacity, as affected by geometric parameters of the yielding 

device, various experimental investigations have been conducted (Chow, 1983; Whittaker 

et al., 1989; Whittaker et al., 1991; Xia and Hanson, 1992; Tsai et al., 1993; Hsu and 

Halim, 2017). Nevertheless, experimental studies that address specifically C-devices are 

not abundant; detailed literature search for this thesis revealed that the only experimental 

test to assess the dissipation capacity and volume of yielding was the one carried out by 

Martinez-Rueda  (2004). His test was undertaken to assess the cyclic response of a yield 

dissipative bracing system that incorporates C-devices. This is certainly a global 

response, however, it provides one of the first experimental evidences of the importance 

of volume of yielding material of the C-device, in particular in the dissipative region. No 

cyclic tests on the C-device on its own were conducted and the distribution of yielding in 

the device was only assessed by visual observations. 

Confidently the limited amount of experimental data on the C-device, more experiments 

that address the effects of the circular transition corners on the dissipation and 

deformation capacity of the C-device are clearly missing. The results obtained from the 

FE modelling analyses conducted by SAP2000 and ADINA (Chapters 5 and 6, 

respectively) confirmed that both the length of the dissipative region and the radius of the 
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circular transition are important parameters that control the performance of the C-device. 

At material level the effects of heat treatment and laser cutting on the mechanical 

properties of the C-device have not yet been studied.  

This chapter focuses on the effects of the dissipative region and the circular transition 

corners on the dissipation and the deformation capacity of the C-device. This chapter 

presents the experimental results for different geometries of the C-device under 

monotonic and cyclic loading conditions considering the effects of the heat treatment and 

laser cutting. Results have been also used to verify the accuracy of the developed 

numerical models. In this investigation, the C-devices were fabricated from mild steel 

plates in different device sizes, different lengths of the dissipative/yield region and 

different radii of the circular transitions. 

7.2 Description of the test specimens 

Four types of C-device with various geometries were selected based on their finite 

element simulation, as described in Chapter 6. The C-devices were also labelled 

according to the adopted radius of the circular transitions and the length of the dissipative 

region, as indicated in Chapters 5 and 6. All specimens were laser cut from 10 mm steel 

plate with the desired geometry, as shown in Figure 7.1. These devices varied in the 

lengths of the dissipative regions and the radius of the circular transitions. The specimens 

were divided in two groups: R30 and R50, with their dissipative region lengths of Ld = 58 

mm (1hb) and 116 mm (2hb), respectively. A total of 8 devices for each radius (r = 30 and 

r = 50 mm) were fabricated to produce the samples as summarised in Table 7.1. These 

combinations provided sufficient information to evaluate the contribution of the 

parameters of device performance under study. It must be noted that the geometry of each 

device above represents a C-device at an approximate 1/3 scale of its expected real size. 

All of these devices have the same h = 130 mm, hc = 80 mm, Ly = 65 mm, hb = 58 mm 

and Φ = 20 mm. The differences of the devices are mainly seen in the length of dissipative 

region and in the radius of the circular transition.  

The devices R30-1hb and R30-2hb (see Figure 7.1) were produced with a 30 mm radius 

for their circular transitions and with 58 mm and 116 mm lengths for their dissipative 

regions, respectively. The same lengths in the dissipative region were used for the rest of 

the devices, but these had a different radius (r = 50 mm). Figure 7.2 shows a photograph 

of the device test specimens.  
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(a) R30-1hb (1hb = Ld see Figure 6.1) 

 

 

(b) R30-2hb (2hb = Ld, see Figure 6.1) 

 

 

(c) R50-1hb (1hb = Ld, see Figure 6.1) 

 

 

(d) R50-2hb (2hb = Ld, see Figure 6.1) 

Figure 7.1. Profile of the specimens 
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Figure 7.2. Examples of C-device test specimens. 

Table 7.1. Schedule for the C-device specimens. 

No Device 

name 
𝐿𝑑 

[mm] 
𝑟 

[mm] 
ℎ𝑏 

[mm] 
ℎ𝑐 

[mm] 
𝐿𝑦 

[mm] 

𝐿 
[mm] 

𝐿𝑥 
[mm] 

ℎ 
[mm] 

∅ 
[mm] 

1 R30-1hb 58 30 58 80 65 278 198 130 20 

2 R30-2hb 116 30 58 80 65 336 256 130 20 

3 R50-1hb 58 50 58 80 65 318 238 130 20 

4 R50-2hb 116 50 58 80 65 376 296 130 20 

R30-1hb 

R30-2hb 

R50-2hb 
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7.3 Description of the devices with sharp corners and 90° interior corners 

In this study, a few specimens of badly engineered devices with no circular transition but 

with sharp corners and 90° interior corners were made from mild steel plates and 

fabricated with the geometries shown in Figure 7.3. These specimens were taken from 

the same steel plate sheet (S275) used to produce the properly engineered C-devices 

minimise the variability in their mechanical properties. It must be noted that these devices 

were tested only to confirm that a bad detailing of critical corners leads to brittle 

behaviour due to high stress concentration. 

 

(a) R0-1hb 

 

(b) R0-2hb 

 

(c) R-1hb 

Figure 7.3. Devices engineered with sharp corner and 90° interior corner (all dimensions in mm) 
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7.4 Material properties  

A typical mild steel plate with the grade S275 and a plate thickness of 10 mm was used 

to produce all the specimens of the C-devices. Steel materials were supplied by two 

companies (Denmay Steel and Hire and ParkerSteel) which classified the material as 

Class 2 classification and in accordance with BS EN: 10025 (2004). The nominal yield 

strength for mild steel used to produce the C-devices was 275 MPa. The steel material 

provided by these companies exhibited similar qualities to mild steel of hot rolled 

structural steel, which has a well-defined yield plateau and is followed by a strain 

hardening region (as shown later in this chapter). 

To determine the mechanical characteristics of the material, a number of tensile coupon 

tests were conducted. All the specimens for these tests were taken from the same steel 

plate sheet used to produce the C-devices. Only two coupon tests were cut from the same 

plate used to fabricate the C-devices to be able to study the effects of the laser cutting on 

the mechanical properties of mild steel. These coupon specimens were fabricated using a 

mechanical cutter, without the use of a laser cutting machine.  

7.5 Connection between devices and testing machine  

Figure 7.4 shows a sketch of the connector used to connect the C-devices to the testing 

machine. The connector design is similar to that of the assembly of connection plate 

design. Following the design criteria guidelines for the the assembly of connection plates 

given in the Section A3.2 in Appendix 3, all the plate elements of the connector were 

designed. In general, the plates of the connectors have been designed to be thicker than 

that of the devices to prevent any yielding when the C-devices reach their maximum load. 

As shown in Figure 7.5, the connector consists of a 25 mm square base plate of 

dimensions 150 mm x 150 mm, a 10 mm thickness in the triangular buttress plates (70 x 

54.5 mm) and a 15 mm thickness in the transverse plates used for the pinned connections 

(150 x 100 mm). The base plate was designed with 4 bolt holes with a 12 mm diameter 

to attach the connector to the testing machine. Each transverse plate was designed with 

only 1 hole of 20 mm needed to pin-join the connector and the device. Figure 7.5 shows 

a photograph of the fabricated connector used in the test. The steel grade used for the 

connectors was S355. All the steel materials used in the connectors were also supplied 

and produced by Denmay Steel and Hire company, and in accordance with BS EN: 10025.  
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Figure 7.4. Details of the connectors used in the tests (dimensions in mm). 

 

Figure 7.5. Final shape of the connectors to test the devices. 

base plate 

transverse 

plate 

buttress 

plate 
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7.6 Loading system 

Figure 7.6 shows the testing machine used to test the C-devices. The testing machine 

model 1343 (known as INSTRON), has a capacity of a 500 kN. The test results were 

electronically recorded during the test, which were measured using a data acquisition 

system. The response of the specimens was also graphically monitored to provide 

information on the behaviour of the specimen and to be able to control the test. Additional 

data acquisition system with 12 channels was also used to read the test results from the 

testing machine during the test. A photograph of the data acquisition system used for the 

testing of the C-devices is also presented in Figure 7.6. 

 

Figure 7.6. Testing machine (INSTRON, model 1343) used for the testing of C-devices in the 

structures lab of the Heavy Engineering section of the University of Brighton. 

 

7.7 Test setup and measurement   

Figure 7.7 displays a sketch of the original testing machine and instrumentation used to 

perform the monotonic and cyclic tests of the C-devices. The device was installed 

between the strong base frame of the testing machine and the upper loading section 

through connectors (Figure 7.5) with high strength bolts. Longitudinal axis of the device 

d dx x  shown in Figure 5.2 to be parallel to the direction of the applied load. Figure 7.8 

shows the experimental setup for the monotonic and cyclic tests. 

The response of the C-device was monitored during the tests using an instrumentation 

system. A maximum of 17 channels of data were used for each test. Four channels of data 

recording the displacements and applied loads from two data acquisition systems were 

used for each test. The magnitude of the applied load was monitored using a load cell 

whereas the vertical deformations of the C-device were measured independently with the 

use of five displacement transducers (LVDT). LVDT-1 and LVDT-2 (see Figure 7.7) 
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were used to record the vertical deformations at the dissipative region (in the interior 

edge, see Figure 5.2). LVDT-3 and LVDT-4 (see Figure 7.7) were also installed in the 

exterior edge (see Figure 5.2) to measure the vertical deformations of the C-device at the 

dissipative region. Moreover, the LVDT-5 (Figure 7.9) was also used to control the 

displacements of the C-device between the pinned connectors.  

The dissipative region was instrumented with strain gauges to measure the level of strain 

on the two edges of the yielding region. Figure 7.7 shows the locations of the strain gauges 

along the dissipative region (B shown in Figure 5.2). Gauges S1 to S3 were placed along 

the interior edge while gauges S4 to S6 were installed along the exterior edge. Only four 

strain gauges were used for devices with ld = 58. All these strain gauges were oriented to 

measure strains in a direction parallel to the longitudinal axis of the device ( d dx x ). All 

strain gauges were single grid electrical resistance gauges with a gauge length of 3 mm 

and 5 mm. For comparative purposes, a constant gauge length of 3 mm was maintained 

for all specimens under cyclic test so where possible. 

Digital image correlation (DIC) as a strain measurement technique using an digital 

camera was also used as tool for deformation analysis and to provide an average strain 

measurement for the dissipative region of the C-device. This type of camera has 

advantages of being accurate in the strain and displacement measurements. In fact, the 

camera is able to measure the maximum normal strain (휀1) and the minimum normal 

strain (휀2) which is sometimes referred as the principal strain (Popov, 1990), and which 

can be obtained by using the following equation: 

 
2 2

max' 1 2
min 2 2 2

x y x y xy

x or

    
 

    
      

   
   (7.1) 

Where, 휀𝑥 and 휀𝑥 are strains in the directions of X and Y- directions respectively, 𝛾𝑥𝑦 is 

the shear strain. 

The camera was placed in front of the specimens on a stable tripod (see Figure 7.9) to 

measure the true strain of the targeted area. The distance can be adjusted between the 

camera and the specimen. Subsequent to this, the camera was connected to a computer to 

evaluate the strain. To enable the camera to measure the strain; random speckle patterns 

were sprayed onto the surface of the device, as shown in Figure 7.9, with white spray 

paint and then with black spray paint. It was necessary to make the paints as thin as 

possible, particularly the black one. The camera system must be calibrated accurately to 

provide reasonable results. This camera provides certain metric units, which can relate 
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the ideal model of the camera to the actual physical device. A detail description of the 

calibration can be found in (Davis, 2013). 

 

Figure 7.7. Assembly of C-device and its connectors and instrumentation as installed in the 

testing machine. 

 

Figure 7.8. Experimental test setup for the monotonic and cyclic tests for the C-devices. 
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Figure 7.9. Test setup with a digital camera. 

 

7.8 Testing protocol  

7.8.1 Loading protocol  

7.8.1.1 Monotonic loading tests  

The effectiveness of the C-device were evaluated using several monotonic tests. The 

monotonic tests were undertaken to establish the yield strength (𝑃𝑦), yield displacement 

(∆𝑦), elastic stiffness (𝐾), and also to provide a database for later numerical studies. 

Similarly, the definitions for 𝐾, 𝑃𝑦 and  ∆𝑦 of a yielding device have been previously 

attempted by Whittaker et al.  (1991). Figure 7.10 shows realistic yield criteria which 

have been used for other yielding devices (that is for added damping and stiffness 

(ADAS)) 

targeted 

area 
 Camera 

 

LVDT-5 
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Figure 7.10. Definition of yield criteria (Whittaker et al., 1991). 

 

7.8.1.2 Cyclic loading tests  

Further cyclic tests were also conducted to study the hysteretic response of the C-device 

alone at different displacement levels. The mechanical parameters of the C-device, which 

are 𝐾, 𝑃𝑦 and ∆𝑦, under cyclic load were defined using Figure 7.11. This figure was used 

to specify the mechanical parameters of the E-device under cyclic loads suggested by 

Mezzi and Parducci  (1992). 

The cyclic tests were performed until the complete displacement history were achieved 

when a crack appeared on the surface or the specimens experienced out of plane 

deformations caused by inelastic buckling. Each test specimen was subjected to a large 

number of deformation cycles as follows: 

- 1 cycle at a displacement amplitude of 1∆𝑦 

- 2 cycles at a displacement amplitude of 4∆𝑦 

- 4 cycles at a displacement amplitude of 6∆𝑦 

- 4 cycles at a displacement amplitude of 8∆𝑦 

- 4 cycles at a displacement amplitude of 10∆𝑦 

- 4 cycles at a displacement amplitude of 12∆𝑦 

Figure 7.12a shows the applied displacement history generated by a series of 

displacements of increasing magnitude up to 12∆𝑦. In fact, with the available testing 
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machine it was difficult to apply displacements of larger than 12∆𝑦. This because the 

displacement control system had a capacity of 20 mm.  

Figure 7.12b presents another displacement history applied to C-device specimen. The 

results were for this test were used to verify the robustness of the FE model of the C-

device analysed by SAP2000. The amplitudes at the deformation cycles shown in Figure 

7.12b are.  

- 4 cycles at a displacement amplitude of 1∆𝑦 

- 4 cycles at a displacement amplitude of 2∆𝑦 

- 4 cycles at a displacement amplitude of 4∆𝑦 

- 10 cycles at a displacement amplitude of 10∆𝑦 

For both cyclic displacement histories shown in Figure 7.12, the yielding displacement 

∆𝑦 was obtained from a monotonic response predicted by a FE model, discussed in 

Chapter 6. The applied displacement histories were extremely similar to that applied to 

the E-devices tested by Guan et al.  (2009). It is important to highlight that the above 

cyclic displacement histories also considered the practical criterion shown on the Figure 

7.11b (Mezzi and Parducci, 1992), which suggests that the number of alternate cycles to 

be performed is 10 cycles within the plastic behaviour region defined with reference of 

an assigned number of repeated cycles (5th cycle) 

 

 

 

(a) ranges for acceptance tests   (b) yield criterion for cyclic test 

Figure 7.11. Practical criteria for the evaluation of the 𝑃𝑦 and ∆𝑦 from experimental tests (Mezzi 

and Parducci, 1992). 
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(a) displacement history with a large displacement amplitude 

 

(b) displacement history with a smaller displacement amplitude but large number of cycles at 

maximum amplitude. 

Figure 7.12. Yield criterion and applied displacement histories for the study of C-devices under 

reversed cyclic load. 

7.8.2 Effect of the strain rate  

It is important to notice that there exists a number of variables that can affect the 

monotonic and cyclic behaviour of steel (Kassar and Yu, 1992; Restrepo-Posada et al., 

1994). A number of research works have looked at the effects of the strain rate on the 

steel coupon specimens under monotonic and cyclic condition. Mander  (1983) conducted 

monotonic tensile tests using steel coupon specimens with grades 275 and 380. This study 

identified that the strain rate has a greater effect on the yield stress than on the ultimate 

stress. It was also found that the yield strength approximately increased between 10 and 

20% for the strain rates of 0.01 and 0.10 /sec respectively (Paulay and Priestley, 1992).  

It has also been confirmed by monotonic tests conducted by Restrepo-Posada et al.  
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(1994) that the initial elastic modulus of steel is not affected by strain rate. The test results 

showed that for strain rate ranging between 1 x 10-5 and 1.3 x 10-2 /sec.  

Under cyclic loading, strain rate effects decrease as confirmed by Paulay and Priestley  

(1992) . It is apparent that the effect of the strain rate is in general smaller under reversed 

conditions in the strain-hardened range compared to the plastic plateau region (Mander, 

1983). On the other hand, reversals from tension to compression for a strain from 

0.00005/sec to 0.05/sec with steel grade 400 gives a rather similar cyclic response 

(Mander, 1983). In contrast, for mild steel (see Figure 7.13), this ranged between 2.3 x 

10-3 and 2.3 x 10-5 /sec in the test programme carried out by Restrepo-Posada et al.  

(1994). Therefore, strain rate effects on mild steel were avoided in the present study 

through the use of the restrictions given above. 

 

Figure 7.13. Strain rate effects on the cyclic response of steel grade 300 conducted by Restrepo-

Posada et al.  (1994). 

7.8.3 Effect of laser cutting 

A number of studies have been performed to examine the effects of the laser cutting and 

their input parameters on the quality of the cut surface and the zone of mild steel affected 

by heat. These studies have also been considered the effects of the high quality cutting 

machine on mild steel (i.e. mechanical cutting without heat affecting)  

Goldberg  (1973) concluded that the quality of the cut surfaces is one of the most 

important factors concerning the yield and fatigue strength of steel members. This is 

probably due to the residual stress on the cut surface. Goldberg  (1973) has also examined 

the influence of laser cutting parameters (that is the cutting speed, size and type of nozzle 

used for the cutting machine) on the roughness of the cut surface of mild steel of steel 
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coupon specimens. He found that the cut surface roughness increases as the sheet 

thickness increases and decreases as the laser power increases. Additionally, the same 

author has also confirmed that the residual stress distribution in the cut surfaces of the 

specimens has an influence on the initiation point of fracture. It appears that the cutting 

parameters were able to control the residual stresses.  

The study above also found that the laser cutting machine had a strong negative influence 

on the mechanic properties of mild steel compared to the machined specimens using high 

quality machine (without heat affecting part).  

An experimental investigation of laser cutting on the mechanical properties of mild steel 

was performed by Miraoui et al.  (2016). They concluded that the heat affected zone 

(HAZ) depth and the melting zone (MZ) depth (see Figure 7.14) are proportional to the 

laser power and inversely proportional to the cutting speed. From the experimental data, 

Miraoui et al.  (2016) have developed the following equations: 

0.259 0.146 0.04100.48HAZ P V D       (7.2)  

1.0039 0.164 0.628110.00113MZ P V D        (7.3) 

Where P, V and D are the laser cutting speed (mm/min), laser power (Watt) and laser 

beam diameter (mm) respectively. 

 

Figure 7.14. Microstructure of HAZ and MZ. 
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In view of the above, it seems that the laser cutting machine can have a significant effect 

on the mechanical properties of mild steel. Nevertheless, to the author’s knowledge 

experimental data on the effects of the laser cut on the mechanical properties of mild steel 

across the width of the reduced section (W) (see Figure 7.15) of the steel coupon 

specimens has not yet been explored. Therefore, an experimental approach to investigate 

the relationship between the quality of the adopted laser cutting machine and the 

mechanical properties of mild steel with respect to W were undertaken. Similarly, an 

experimental investigation on the effects of the mechanical cutting machine using CNC 

cutting machine, otherwise called the XYZ machine, on the mechanical properties of mild 

steel has also been carried out. This helps as foundation for deeper insight into the effects 

of using laser cutting to fabricate C-devices. 

7.8.3.1 Experimental method 

Three types of coupon test specimens were fabricated by the company Parker Steel Ltd 

using a laser cutting machine. The machine had the following specifications: 

 laser cutting speed of 2000 mm/min,  

 laser power of 8000 W  

 laser beam with a diameter of 0.67 mm 

 dimensional capacity of the machine at 3980 x 1980 mm with an accuracy in the 

cutting of +/- 0.3 mm. This accuracy can be achieved on plate between the ranges 

6-20 mm. 

All specimens of the coupon test (P0, P1, P6 and P11) were fabricated from the same steel 

grade (S275) of the C-devices, but from different plate sheets. All specimens except for 

the P0 have been designed with pin-ends on ASTM standards (see Figure 7.15) for tension 

testing of metallic materials (ASTM, 2004). Specimen P0 was also designed based on 

ASTM standards but using a different standard shape, often referred in ASTM as 

"rectangular tension test specimens", (i.e. Figure 7.17), instead. This was necessary to 

need of providing stiffening plates at the testing machine grip ends.  

In the present study, only one coupon specimen was prepared for both specimens P0 and 

P1 while 4 and 5 specimens were prepared for the rest of specimens P6 and P11, 

respectively. Therefore, a total of 11 coupons were tested for this project. Dimensions of 

the specimen tested are given in Table 7.2 and their geometry is defined in Figure 7.16. 

The specimens P1, P6 and P11 (see Figure 7.16) were laser cut from a steel plate of 10 

mm thickness while the specimen P0 (see Figure 7.17) was mechanically machined from 

a steel plate with thickness of 10 mm using a CNC cutting machine at the University of 
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Brighton. The difference between these specimens entirely lies on the shapes of their 

ends, the quality of the cut surfaces and the width of the reduced section W. The width of 

the reduced section was gradually increased, which is the main objective of this 

experimental method. On the other hand, the aspect ratio of the tested region (G/W) was 

3.2 for the fabricated coupons P0 and P1 while the specimens P6 and P11 used aspect 

ratios of 2 and 1.33, respectively. These aspect ratios were changed to study the influence 

of the laser cutting on the cut surfaces of mild steel across the constant cross section of 

the test specimens. 

 

Figure 7.15. Standard ASTM tensile specimen with pin ends (ASTM, 2004). 

 

P1   P6   P11 

Figure 7.16. Coupon specimens fabricated by a laser cutting machine (plate thickness = 10 mm). 
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(a) top view     (b) side view 

Figure 7.17. Coupon specimen P0 machined by a CNC milling machine (plate thickness = 10 

mm). 

Table 7.2. Geometric dimensions of the coupon specimens. 

 

Dimensions 

[mm] 

P0 P1 P6 P11 

G-gage length 40 40 40 40 

W-Width of the reduced section 12.5 12.5 20 30 

T-thickness 10 10 10 10 

R-Radius of fillet 12.5 50 35 35 

L-Overall length 200 360 330 330 

A-Length of reduced section 80 80 80 80 

B-Length of grip section 50 90 90 90 

C-Width of the grip section 20 100 100 100 

D-Diameter of hole for pin non 20.5 20.5 20.5 

E-Edge distance from pin - 60 60 60 

F-Distance from hole to fillet - 38 40 40 

 

7.8.3.2 Loading system and test setup 

The loading system used to test the coupon specimens is shown in Figure 7.6. Details of 

the testing machine was given in Section 7.6.  

The shape of the pin ends of the specimens (see Figure 7.16) was machined to fit the 

connectors shown in Figure 7.5. This procedure was applied to ensure that all the 

specimens were properly connected to the testing machine. 

Two displacement load was recorded by the load cell of the INSTRON machine while 

the vertical deformations were measured by two displacement transducers attached to the 

test coupon (see Figure 7.18). The displacement transducers were attached to a gauge 
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length measuring 40 mm by using a small aluminium clamp. They were able to measure 

displacements as large as 20 mm of tension and compression.  

The strains of the test region of the coupon was recorded using two strain gauges of 3 mm 

placed on both sides of the cross-section at the mid height of reduced section (e.g. Figure 

7.17) 

 

Figure 7.18. Example of the test setup of a specimen type P11. 

 

7.8.3.3 Results of tensile tests 

The tests were carried out on the steel coupons under a deformation rate of 0.01 mm/sec 

which resulted in a strain rate of 2.5 x 10-6 /sec. Figure 7.19 shows the monotonic test 

results. Broadly speaking, the mechanical properties of the specimens were affected by 

the laser cutting machine. The yield strength of the specimens P0 (without using the laser 

cuter) was equal to 270 MPa while for specimens P1, P6 and P11 the yield strengths 

varied with the W dimension. It appears that the smaller the width W the higher the 

influence of the laser cutting process. 

It can be observed that the yield stress 𝑓𝑦 and the ultimate strain 휀𝑠𝑢 increase for 

decreasing values of W. Moreover, the laser cutting caused an increase in the ultimate 

tensile stress 𝑓𝑢 and a decrease in the strain hardening 휀𝑠ℎ. This is probably due to a higher 

proportion of hardened material in the critical cross section of the specimen. It also 

appears that the fracture normally starts from an edge of the cut surface most likely on 

account of the microcracks in the cut surface. These microcracks may form a thin brittle 

surface layer and during the tensile tests, act as notches, as shown in Figure 7.20. The 
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mode of failure, shown in Figure 7.21, is expected to be ductile under normal conditions, 

and it can become less ductile because of the laser cutting process. Table 7.3 summarises 

the results of the tensile tests for all the tests carried out. 

In view of the above results, the laser cutting process can significantly affect the 

mechanical properties of mild steel, particularly those with small cross sections. 

Table 7.3. Summary of tensile test results. 

 

type 

 

Laser 

cut 

 
W 

[mm] 

𝑓𝑦 

MPa 

𝑓𝑢 

MPa 
휀𝑦 휀𝑠ℎ 휀𝑠𝑢 휀𝑓 [

𝑓𝑢

𝑓𝑦

] [
휀𝑠ℎ

휀𝑦

] [
휀𝑢

휀𝑦

] [
휀𝑓

휀𝑦

] 

P0 without 12.5 270 419 0.00135 0.008 n/a n/a 1.55 5.93 n/a n/a 

P1 with 12.5 310 472 0.00155 0.0060 0.1924 0.3200 1.52 3.87 124 206 

P6 

with 

20.0 

271 437 0.00136 0.0050 0.2204 0.3406 1.61 3.69 163 251 

with 280 449 0.00140 0.0060 0.2204 0.3730 1.60 4.29 157 266 

with 275 446 0.00138 0.0060 0.2105 0.3214 1.62 4.36 153 234 

with 270 430 0.00135 0.0050 n/a n/a 1.59 3.70 n/a n/a 

P11 

with 

30.0 

260 400 0.00130 0.0080 n/a n/a 1.54 6.15 n/a n/a 

with 260 401 0.00130 0.0080 0.3247 0.3418 1.54 6.15 250 263 

with 270 402 0.00135 0.0080 0.3946 0.4600 1.49 5.93 292 341 

with 270 401 0.00135 n/a 0.3768 0.4090 1.48 n/a 279 303 

with 300 401 0.00150 0.0080 0.4463 0.4632 1.34 5.33 298 309 

 

 

Figure 7.19. Laser cut effects on the monotonic behaviour of steel grade S275. 
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Figure 7.20. Cut surface layer and notches during the test. 

 

(a) failure mode of P6 specimens (b) failure mode of P11 specimens 

Figure 7.21. Failure modes of the coupons under monotonic tests. 

 

7.8.3.4 Heat treatment 

To avoid the effects of the laser cutting on the cut surface of the mild steel, the sand- 

blasted cut surface is the most frequently used a treatment because of its simplicity 

(Pollard and Cover, 1972; Goldberg, 1973; Ho et al., 1981). The use of a sand- blasted 

cut surface is highly recommended up until the point the serration or microcracks have 

disappeared (Goldberg, 1973).  

Heat treatment is also frequently used because their capacity to reduce the carbon 

concentration on the affected surface, and also due to the decrease in hardness the residual 

stresses (Goldberg, 1973). Further discussion about the effect these heat treatments on 

mild steel is explained in the following section. 
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7.8.4 Effect of heat treatment  

Different investigations have shown that heat treatment may decrease the yield strength 

of low carbon steel and improve its ductility. In fact, the heat treatment of steel can be 

defined as a controlled process of heating, holding the temperature for a certain time and 

then a cooling off period. French and Johnson  (1922) reported that the ductility of steel 

gradually decreases when the temperature rises above 720° C, particularly for low carbon 

steel. This study also confirmed that holding the temperature for a certain time decreases 

the strength, and in general, it results in an increase in the elongation capacity of the 

material and a decrease in the cross section area of the steel member under treatment. 

These observations are similar to those given by Digges et al.  (1966). From their results 

it appears that a slow cooling temperature improves ductility and reduces strength. 

Tyler  (1978) and Skinner et al.  (1980) reported that the most suitable heat treatment 

should have a duration of 5 hours at a temperature of 620° C after the yield device has 

been fabricated from mild steel. However, a heat treatment lasting 5 hours is expensive. 

Since, a study of Budinski and Budinski  (1999) has shown that after 2 hours of heat 

treatment followed by a period of air cooling has little effects. The objective of placing 

steel at a particular heat-treating temperature is in fact to assure uniformity in temperature 

throughout the entire volume of steel. Generally, a frequently rule used for the required 

time of heat treatment is 1/2 an hour/ for every in of thickness if it is structural steel  

(Digges et al., 1966).  

In view of the above, this study suggested that an experiment be performed to examine 

the effects of heat treatment on the coupon specimens of mild steel using different periods 

of heat treatment. An experiment on the coupons under time periods of 1/2, 2 and 5 hours 

was conducted and presented in the following sections. 

7.8.4.1 Test program 

All specimens of the coupon test specimens namely G, I, H and J were fabricated from 

the same steel grade (S275) of the C-devices, but from different plate sheets. All 

specimens were designed based on ASTM standards. A total of 6 tests of groups H and J 

(3 for each group as shown in Table 7.4) were prepared to examine the effects of the heat 

treatment of the longer time periods of 2 and 5 hrs respectively. While, only one for each 

coupon specimen referred to I and G (see Table 7.4) were used to study the effects of the 

heat treatment on mild steel over a short period of 1/2 an hour and 0 hr (without any heat 

treatment), respectively. Figure 7.22 shows the details of the coupon specimens. 
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Furthermore, two coupon specimens as referred P1 shown in Figure 7.16 was also used 

here to study the effects of the heat treatment of the time periods 2 and 0 hr, but under 

cyclic test. More detailed information about this specimen can be found in section 7.8.3.1. 

All above specimens were then placed in an electric furnace and heated at a temperature 

of 620° C. The subsequent to this, the specimens were maintained in the furnace for the 

period required for selected time periods for a uniform heating throughout. Then each 

specimen was slowly cooled in the furnace, which is beneficial for avoiding any distortion 

and cracking of the material. In fact, the furnace quenching proved to be a better than the 

other cooling systems (that is oil or water) in ductility (Ahaneku et al., 2012).  

In terms of the type of test, two different tests were then carried out to observe the heat 

treatment effects on the plate grade (S275) of the mild steel. In the first of test (Section 

7.8.4.2(i)), the load was applied monotonically in tension and in the second type of test 

(Section 7.8.4.2(ii)), the load was cycled in tension only (Figure 7.23). The monotonic 

tests were only conducted for those specimens G, I, H and J. The cyclic tension test were 

only implemented for specimen P1. 

 

(a) coupon specimen sample with W = 12.5 mm 

 

(a) coupon specimen sample with W = 15.5 mm 

Figure 7.22. Geometry of the coupon samples (plate thickness = 10 mm). 
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Figure 7.23. Adopted deformation history for the tests under cyclic tension. 

 

7.8.4.2 Results 

7.8.4.2(i) Uniaxial tensile response 

After the heat treatment process, each coupon was subjected to uniaxial tensile testing 

under a deformation rate of 0.01 mm/sec which resulted in a strain rate of 2.5 x 10-6/sec. 

Table 7.4 summarises the mechanical properties of the coupons obtained from the tests 

while Figure 7.24 shows the monotonic response of the coupons. Generally, the yield 

strength and ductility are significantly improved with heat treatment. It was observed that 

the yield stress 𝑓𝑦 decreased when increasing the time of exposure to high temperature. 

The yield strength gradually decreased as the time of exposure to high temperature was 

prolonged. It was also observed that the heat treatment reduced the ultimate tensile stress 

𝑓𝑢 and produced a larger strain 휀𝑠ℎ and an ultimate strain 휀𝑠𝑢 resulting in improvement in 

their ductility. 

These findings from the above study show that the effect of the longer period of heat 

treatment (5 hours) at 620° C on the mechanical properties of the mild steel is almost the 

same to that 2 hour heat treatment. There is no significant different between the time of 

heat treatment (2 and 5 hours) since 2 hours of heat treatment is relatively less expensive 

than the 5 hour heat treatment. In fact, the shorter heat treatment period (less than 1/2 an 

hour) is generally considered to be undesirable and it should be avoided because it only 

hardens the surface of the steel without altering the chemical composition (Digges et al., 

1966) . Based on the above results, a good practice requires at least 1/2 an hour, but 2 
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hours at 620° C are preferable for the mild steel. It is, therefore concluded that in terms 

of ductility and economy a 2 hour heat treatment is recommended.  

Table 7.4. Summarise the results of the tensile tests for all the conducted tests 

Heat 

treatment 

type 

Heat 

treated 

hours 

W 

 

mm 

𝑓𝑦 

 

MPa 

𝑓𝑢 

 

MPa 

휀𝑦 

 

 

휀𝑠ℎ 
 

 

휀𝑠𝑢 
 

 

휀𝑓 

 

 

[
𝑓𝑢

𝑓𝑦
] [

휀𝑠ℎ

휀𝑦
] [

휀𝑢

휀𝑦
] [

휀𝑓

휀𝑦
] 

G 0 12.50 330 479 0.00165 0.0130 0.29 0.40 1.45 7.88 173 242 

I 1/2 12.50 330 462 0.00165 0.0240 0.30 0.53 1.40 14.55 183 321 

H 

2 12.50 310 456 0.00155 0.0240 0.34 0.56 1.47 13.55 219 361 

2 15.50 315 444 0.00158 0.0261 0.34 0.57 1.41 16.57 219 363 

2 15.50 315 446 0.00158 0.0290 0.20 0.45 1.42 18.41 129 284 

J 

5 12.50 301 426 0.00151 0.0200 0.32 0.48 1.42 12.62 210 319 

5 15.50 300 431 0.00150 0.0280 0.29 0.53 1.44 18.67 196 352 

5 15.50 300 437 0.00150 0.020 0.31 0.51 1.46 12.00 210 339 

 

 

Figure 7.24. Effect of the time period at 620° C temperature on the mechanical 

properties of mild steel. 

 

7.8.4.2(ii) Cyclic tension response 

The effects of the 2 hour heat treatment on the mechanical properties of mild steel under 

cyclic tension subjected to a strain rate of 2.5 x 10-6/ sec was also studied. This test was 

undertaken to establish the yield strength and yield displacement and to provide a 

database for analytical studies discussed in the Chapter 4. Figure 7.25 shows only the 

cyclic response of the mild steel under study without heat treatment. For this test the 

displacement history of Figure 7.23 was applied. The stress versus strain behaviour of the 
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test region of the coupon was also recorded using two strain gauges placed on both sides 

of the cross-section at the mid-height of the reduced section. For the above test, the strain 

gauges and displacement control system were difficult to control due to the geometric 

imperfections and the onset of local buckling. It was, therefore, difficult to obtain the 

complete cycle tension history, particularly for specimen with 2 hour heat treatment. 

However, an attempt was made to manually control the LVDT in order to trace the 

unloading part of the curves to some extent. 

Generally, the observations of the effects of the heat treatments agree with those observed 

in the monotonic tests. It is also observed that the yield stress are also affected by the heat 

treatment. The yield stress of the specimen without heat treatment started at 

approximately 320 MPa (Figure 7.25) while the test for steel with 2 hour heat treatment 

achieved a yield stress of about 300 MPa. It was observed that the heat treatment has a 

greater effect on the strain hardening behaviour than on the yield stress under the cyclic 

tension test.  

This test was also designed to calibrate the monotonic and cyclic steel curves, as indicated 

in Chapter 4. It was necessary to calibrate the cyclic curve of steel material properties for 

all analyses conducted in chapters. It is found that the cyclic yield strength of the mild 

steel  defined in Chapter 4 (Section 4.7.2.3) is equal to 0.75𝑓𝑦, as shown in Figure 

7.26. 

 

Figure 7.25. Cyclic tests of the mild steel without heat treatment (the applied history of 

displacements is shown in Figure 7.23). 

'

yf
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Figure 7.26. Calibration of the cyclic and monotonic steel models based on the coupon results 

without the heat treatment (the applied history of displacements is shown in Figure 7.23). 

 

7.9 Monotonic response of the C-devices  

The test results of the C-devices under tension and compression monotonic tests are 

presented in this section. All the 8 C-device specimens were tested under a deformation 

rate of 0.01 mm/sec and a maximum applied displacement of 0.02 m. The effects of the 

circular transition and the dissipative region on the monotonic behaviour of the C-device 

under tension and compression load can be referred form Figures 7.27 and 7.28, 

respectively. In general, it is difficult to evaluate the increase in strength or the other 

reasons caused by the combined actions of the dissipative regions and the circular 

transitions in the C-devices that are heat treated over different time periods. Two factors 

including the change in the geometries of the C-device and heat treatments are very 

relevant for any assessment. However, for all C-devices, the circular transition effects 

appeared to start once the material enters the strain hardening range. It appears that the 

circular transition has a greater effect on the inelastic region of the C-devices than the 

elastic region. On the other hand the elastic region is only significantly influenced by the 

dissipative region. It was also observed that the yield strength and ultimate strength of the 

devices were greatly influenced by both 𝐿𝑑 and 𝑟 especially for devices with the longer 

dissipative region.  

Table 7.5 shows the yield strength 𝑃𝑦, the yield displacement ∆𝑦, and the yield stiffness 

𝐾𝑦 obtained based on the defined yield criteria defined in Figure 7.10.  Evidently there is 

an insignificant increase in the yield force (2.7%) for devices that have been heat treated, 
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especially for those under compression, but there is a significant difference in the devices 

without any heat treatment of around 12.19%. A decrease in yield strength was observed 

in device R30-1hb under tension load. This may be attributed to the effects of the 5 hour 

heat treatment. It could be also expected that the reduction in ultimate strength becomes 

more significant in the presence of longer heat treating periods, as shown in Figure 7.27. 

The deformed test specimens at the end of the test are shown in Figure 7.29. It is evident 

that most residual deformations occurred inside the dissipative region of the devices. 

 

Figure 7.27. Influence of dissipative region length and circular transitions size on the monotonic 

tensile response of the C-devices. 

 

Figure 7.28. Influence of dissipative region length and circular transitions size on the monotonic 

compressive response of the C-devices. 
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(a) R30-1hb under a compression load 

 

 

(b) R50-1hb under a tension load 

 

(c) R50-1hb under a compression load 

Figure 7.29. Examples of the C-devices showing residual deformation at the end of their test. 

Table 7.5. Summary of the monotonic response results. 

Device type Load type 

Hour of heat 

treatment at 

620° C 

[hours] 

𝑃𝑦 

[kN] 

∆𝑦 

[m] 

𝐾𝑦 

[kN/m] 

R30-1hb 
Tension 5 35 0.00075 46,667 

Comp. 2 36 0.00075 48,000 

R30-2hb 
Tension 0 36 0.00125 28,800 

Comp. 0 36 0.00100 36,000 

R50-1hb 
Tension 2 37 0.00075 49,333 

Comp. 2 37 0.00075 49,335 

R50-2hb 
Tension 0 43 0.00150 28,667 

Comp. 0 41 0.00125 32,800 
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7.10 Devices response under reversed cyclic loading  

A total of 8 C-device specimens were tested under a cyclic load using a strain rate of 2.5 

x 10-6 /sec. The typical hysteresis loops observed for the four types of C-devices are 

shown in Figures 7.30 and 7.31. For this test the displacement history of Figure 7.12a was 

applied. While Figure 7.38 shows the hysteresis loop observed for the C-device under 

displacement history of 7.12b.  

Generally, all the C-device specimens reveal hysteretic behaviour without any sign of 

degradation in both stiffness and strength. The results also confirm that the shorter the 

length of the dissipative region, the higher the strength observed.  

The overall test results of the C-devices under cyclic loading are listed in Table 7.6. This 

table also includes the calibrated parameters of the Wen model (Wen, 1976) defined in 

Chapter 4 (see Figure 4.8). Moreover, maximum peak strength under tension 𝑃𝑚𝑎𝑥 and 

compression 𝑃𝑚𝑖𝑛 were given in the Table 7.6 and they evaluated based on the adopted 

criteria shown in Figure (7.11). While the maximum curvature ∅𝑚𝑎𝑥 is calculated 

assuming the neutral axis (N.A) is at the centre of the cross section of the dissipative 

region using the strains recorded by the strain gauges located at the S6 (see Figure 7.7). 

It appears that the values of the tension peak strength and compression peak strength are 

not equal. However, the differences were less than 4%. The specimens R30-1hb showed 

the highest initial stiffness and the highest strength. Conversely, the specimen R30-2hb 

presented the lowest corresponding values. The maximum curvature values are also listed 

in Table 7.6. The highest maximum curvature value was also observed for specimen of 

R30-1hb. In contrast, the lowest value of the maximum curvature was seen for specimen 

R50-2hb. It must be noted that a large displacement amplitude in tension and compression 

were not found be equal because of limitations with the control of the testing machine. 

The results indicated that the strain hardening significantly increased the strength of the 

devices beyond their yield strength. It is evident that the strain hardening is apparent at 

displacement, exceeding more than 10 times the yield displacement. The maximum peak 

strength of the C-devices under tension reached between 1.18 and 1.54 times the yield 

strength. However, the corresponding values for compression were between 1.02 and 

1.03. These results show approximately similar trends to those presented earlier by 

Whittaker et al.  (1991) and Teruna et al.  (2015). Figure 7.33 shows the hysteretic energy 

dissipated by each device during the tests. The results agree with the observations made 

above. 
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An example of a comparison of the observed moment-curvature behaviour for specimen 

R50-2hb at regions SR1, SR2 and SR3 defined in Figure 7.7 is illustrated in Figure 7.33. 

For this example, the curvature ∅ was calculated from the strain readings until the end of 

the 3 cycles of amplitude 8∆𝑦. Generally, all the strain gauge readings revealed that the 

region of the dissipative behaved inelastically. The region of SR3 showed a larger 

inelastic strains during the cyclic loading reversals than in the other regions (SR1 and 

SR2). In contrast, lower ductility demand was observed at regions SR1 and SR2, which 

can be explained by the fact that the most severe damage took place in the dissipative 

region. It was found that the N.A at the dissipative region of the devices is located at a 

distance about 21 mm from the exterior edge of the device (E shown in Figure 5.2). 

Only the strain gauge readings of S4 and S6 in terms of the moment vs curvature loops 

are shown in Figure 7.34, since reading from the other strain gauges were erratic. The 

erratic readings were probably caused by the bending of the yielding region and other 

disturbances in the connection of the strain gauge itself. The curvature values were 

calculated up to 4 times the yielding displacement (4∆𝑦). This is because the data of the 

readings for the large cycles considered unreliable. It is important to mention that the 

plots in Figure 7.34 are estimations as the curvature is calculated assuming the N.A is at 

the centre of the cross section of the dissipative region. Generally, the moment– curvature 

characteristics observed in the tests on the devices, illustrated in Figure 7.34, are 

reasonable.  

Table 7.6. Summary of the test results for reverse cyclic loading. 

Device 

type 

parameters of Wen model 

calibrated from test results 
 

 

𝑃𝑚𝑎𝑥 
 

[kN] 

 

 

𝑃𝑚𝑖𝑛 
 

[kN] 

 

 

𝑃𝑚𝑎𝑥/𝑃𝑦 

 

[tension] 

 

 

𝑃𝑚𝑖𝑛/𝑃𝑦 

 

[Comp.] 

 

 

∅𝑚𝑎𝑥 
 

[rad/mm] 

Initial 

stiffness 

K [kN/m] 

ratio 

 

 

Exp. 

 

𝜉 

R30-1hb 50000 0.027 3 54.0 47.0 1.54 1.30 0.00060 

R30-2hb 33333 0.038 3 50.0 44.5 1.38 1.23 0.00032 

R50-1hb 42857 0.031 3 52.5 46.5 1.42 1.25 0.00048 

R50-2hb 36145 0.030 3 51.0 42.0 1.18 1.02 0.00029 
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(a) R30-1hb 

 

 

(b) R30-2hb 

Figure 7.30. Hysteretic response of the C-devices with r = 30 mm (the applied history of 

displacements is shown in Figure 7.12a). 

 



218 
 

 

(a) R50-1hb 

 

(b) R50-2hb 

Figure 7.31. Hysteretic response of the C-devices with r =50 mm (the applied history of 

displacements is shown in Figure 7.12a). 

 

Figure 7.32. Hysteretic energy of the C-devices. 
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(a) moment vs curvature at SR1 

 

(b) moment vs curvature at SR2 

 

(c) moment vs curvature at SR3 

Figure 7.33. Comparative example of the observed moment vs curvature response 

for the C-device R50-2hb. 
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(a) moment vs curvature for device R30-1hb 

 

(a) moment vs curvature for device R50-1hb 

 

(b) moment vs curvature for device R30-2hb 

 

(c) moment vs curvature for device R50-2hb 

Figure 7.34. Comparative examples of the observed moment vs curvature relationship for the cross 

section of the C-Devices located at S6 and S4. 
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7.11 Testing badly engineered devices   

To illustrate the negative consequences of taking shortcuts to engineer the devices, a total 

of three device specimens with 90° interior corner and one specimen with sharp corners 

plotted in Figure 7.3 were tested under reversed cyclic loading with a strain rate of 2.5 x 

10-6 /sec.  

In general, it is clear from Figures 7.35 to 7.37 that devices engineered with sharp and 

with 90° interior corners exhibit unstable hysteretic behaviour. Tests were stopped when 

either the load suddenly dropped due to significant cracks appearing or when no 

instruments lost their connectivity with the device. 

7.11.1 Device engineered with sharp corners 

The photograph of the specimen at the end of the test and its hysteretic loops are shown 

in Figure 7.35. The specimen yielded at a small displacement and exhibited unstable 

hysteretic behaviour. A yield strength of 30 kN was found at an applied displacement of 

0.0005 m.  

The test was terminated after a significant crack appeared at a sharp corner resulting in a 

significant damage to the device, as shown in Figure 7.35. 

7.11.2 Devices engineered with 90° interior corner 

Figures 7.36 and 7.37 are photographs showing the specimens at failure and their 

hysteresis loops. During the test, the specimen showed a significant constant degradation 

in the strength and was also incapable of sustaining large displacements. A yield strength 

of 31 kN was shown at an applied displacement of 0.0005 m.  

The test was also stopped after a significant crack appeared at the 90° interior corner of 

these specimens. It was also observed that these specimens showed out-of-plane 

deformation for a displacement amplitude of less than 8 mm. Both specimens 

significantly buckled due to lateral torsion buckling. These tests also confirmed that 

poorly engineered devices do have less energy dissipation capacity and reduced 

displacement ductility capacity. 
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Figure 7.35. R0-1hb at failure and its hysteretic loops (the applied history of displacements is 

shown in Figure 7.12a). 

 

 

 

Figure 7.36. R-1hb at failure and its hysteresis loops (the applied history of displacements is 

shown in Figure 7.12a). 

 

Crack 
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Figure 7.37. R0-1hb at failure and its hysteresis loops (the applied history of displacements is 

shown in Figure 7.12a). 

7.12 Test results versus FE simulations  

This section presents comparative examples between the experimental results and the 

numerical results obtained from FE analyses conducted in SAP2000 and ADINA, as 

described in Chapters 5 and 6 respectively. Due to a large set of numerical results, in the 

interest of brevity only one example is given for both SAP2000 and ADINA. As shown 

in detail, an acceptable agreement was observed between the test results and the proposed 

FE models.  

7.12.1 Test results versus SAP2000 model  

A comparative example of test versus numerical predictions by SAP2000 using an 

assembly of inelastic fibre elements is illustrated in Figure 7.38. Generally, the 

comparison of the numerical example shows that the numerical model was capable of 

predicting the cyclic responses of the C-device. It shows a reasonable level of agreement 

with the experimental tests. In addition, the FE model shows a rather similar shape of the 

hysteresis loops.  

The loading and unloading stiffness from the numerical model is slightly higher than that 

achieved by the experiments. Furthermore, there is a small discrepancy observed in the 

loading and unloading paths between both results. However, the maximum load of the 

specimen at the early and post-yield hysteretic responses obtained from the numerical 

model is in accordance with the observed experimental behaviour, particularly at the 

compression region. The greater strength in tension region obtained from test explains 

 
Crack 



224 
 

the influence of friction which was not considered in the numerical model build by 

SAP2000. Therefore, this FE model can be considered reliable to predict the behaviour 

of the C-devices. 

 

Figure 7.38. Comparison example: test vs numerical predictions (the applied history of 

displacements is shown in Figure 7.12b). 

7.12.2 Test observation versus FE prediction from ADINA 

The comparison between a FE model analysed in ADINA and an experimental test, 

illustrated in Figures 7.39 and 7.40, demonstrated that simulations can successfully 

predict the behaviour of the tested C-devices. Both deformed shapes are quite similar and 

resulted in a good agreement. As can be seen from the figures inelastic stress is mainly 

covering the dissipative region of the device and the stress intensity in the regions is 

relatively low. Therefore, the model is able to capture the expected stress distribution 

even at the bolt region. Similar agreements were also achieved with the other device tests. 

 

(a) test observation   (b) FE prediction (ADINA) 

Figure 7.39. A comparison of stress distribution between the test observation of a C-device and 

FE prediction from ADINA under a monotonic tensile load. 

evidence of 

inelastic behaviour 



225 
 

 

(a) test observation   (b) FE prediction (ADINA) 

Figure 7.40. A comparison of stress distribution between the test observation of a C-device and 

FE prediction from ADINA under a monotonic compressive load. 

The deformed shapes estimated by the DIC using a digital camera were also compared to 

those deformed shapes predicted by the numerical models. Only the targeted area shown 

in Figure 7.9 during the strain measurement process was analysed. The data processing 

of the DIC in terms of the minimum and maximum normal strain resulted in the data 

contour seen on the left sides of Figures 7.41 and 7.42. Both mode shapes provided by 

the monitoring of the specimens during the test agree well with the mode shapes predicted 

by the FE models. The estimated strains on the targeted area confirms the expected 

mechanism of the yielding region and where concentration of the energy dissipation is 

expected in the C-device.  

 

Figure 7.41. A comparison of deformed shape and minimum normal strain between DIC and FE 

prediction from ADINA under compression load. 

evidence of 

inelastic behaviour 
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Figure 7.42. A comparison of deformed shape and maximum normal strain between DIC and 

FE prediction from ADINA under compression load. 

 

7.13 Concluding remarks 

A total of 16 C-device specimens with and without heat treatment were tested under 

monotonic and cyclic loads and presented in this chapter. Yield force and yield 

displacement of the C-device are dependent on the mechanical characteristic of reliable 

structural material, which is mild steel. Furthermore, the boundary conditions of the 

device are pinned connections. The findings and observations from tests are summarised 

as follow: 

1. Evidently, there is an insignificant increase in the yield force (2.7%) for devices that 

have been heat treated, especially for those under monotonic compression load, but 

there is a significant difference in the devices without heat treatment of around 

12.19%.   

2. It was also observed that the yield device force was influenced by both 𝐿𝑑 and 𝑟 

especially for devices with the longer dissipative region. The differences of the yield 

device force are less than 2.8% and 16% for shorter and longer dissipative region, 

respectively. 

 



227 
 

3. All of the C-devices tested under cyclic loads exhibited stable hysteretic behaviour 

without any signs of stiffness and strength degradation for displacement amplitudes 

of up to 12∆𝑦. Therefore, the C-device is reliable energy dissipators. 

4. Both 𝐿𝑑 and 𝑟 can directly affect the hysteretic behaviour of the devices in terms of 

moment vs curvature loops. On the other hand, the increase in the length of the 

dissipative region and radius of the circular transitions led to a significant reduction 

in the average maximum curvature values of the devices.  

5. The parameters of Wen model are also obtained from test results. These calibrated 

parameters can also be used as an envelope to represent the cyclic behaviour of the 

C-device. It was also observed from these calibrated parameters that the specimen 

R30-1hb showed the highest initial stiffness and the highest maximum device force. 

6. Considering all comparative results it can be concluded that the predicted behaviour 

of the C-device based on FE modelling is in a good agreement with experimental 

results and hence the FE models built is reliable. 
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8 Chapter 8 

 

 

 

Parametric study of the proposed technique applied to 

existing PPRC frames 
 

 

8.1 Introduction 

Many existing PPRC frames of the PC industrial structures are rarely seismic protected 

and they were often not designed to withstand seismic action. In fact, many of existing 

PPRC frames were built according to past seismic codes and their energy dissipation 

capacity, if any, is very limited (Arslan and Korkmaz, 2007; Benavent-Climent, 2011). 

On the other hand, some seismic regions, in particular in Turkey and in Italy, were not 

classified as seismic-prone zone until 2003 (Artioli et al., 2013). Furthermore, several 

existing industrial buildings have been examined to show that most of these structures 

were not detailed for seismic loads (Sezen and Whittaker, 2006; Senel and Palanci, 2013; 

Belleri et al., 2015a). In this endeavour, this chapter has tackled this problem following 

the low invasivity approach using C-devices for a wide range of existing portal frames, 

according for different seismic details, gravity load levels and seismicity actions.  

In contrast to the precious studies (Mata Almonacid et al., 2007; Magliulo et al., 2008; 

Martinelli and Mulas, 2010), this chapter is given a special attention to to the modelling 

of the connection between the beam and the columns by using frictional joints rather than 

pinned joints. A comparison between two models of upgraded structures (i.e. upgraded 

structures with either pinned or frictional joints) was also studied in this chapter. It is 

important to highlight that the device strengths used in the above upgraded structures 

were tuned at optimum device strength ODS rather than LEDS. The use of ODS 

(Martinez-Rueda, 1997) in the existing structures is explored herein 

8.2 Description of a typical PC structure 

A model of an existing PC structure located at a seismic region in Italy (Martinelli and 

Mulas, 2010) is selected to assess the applicability and efficiency of the proposed 
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retrofitting technique. Figure 8.1a shows the geometry of a typical PC portal frame 

selected for the parametric study. Structurally, this PC building has three frames in 𝑥 

direction and two frames in 𝑦 direction. The frames in 𝑥 and 𝑦 directions are spaced at 

27.0 m and 13.7 m, respectively, as shown in Figure 8.1b. The behaviour of portal frame 

in 𝑦 direction is not considered in the current study as attention is focused on retrofitting 

the flexible and weak direction of the building. Since in the 𝑦 direction, the building has 

considerable strength as it contains RC walls. On the other hand, a retrofitting technique 

of Sasani and Popov  (2001) for RC panels using Frictional HEDD can be used if needed. 

A practical design method for seismic upgrading of RC walls can also be found in (Nabid 

et al., 2016; Nabid et al., 2017). In 𝑥 direction, a 27 m I-prestressed PC beam with double 

slope at mid-span is lying on columns. The beam cross- section height varies from 0.7 m 

at column support to 2.05 m at mid-span. The storey height is 11 m. For convenience, 

details of the beam and column sections are re-depicted in Figure 8.2. 

The compressive strength of concrete '

cf  for this frame is 45 MPa with modulus of 

elasticity cE  equal 33 GPa while the yield stress 
yf of the main steel reinforcement of 

RC members is 430 MPa with modulus of elasticity sE equal 205GPa. In terms of the 

prestressing steel, the yield stress 
yf  and modulus of elasticity sE  are 1860 MPa and 195 

GPa, respectively.  

For seismic design considerations, the structure was designed based on the spectrum type 

1 corresponding to a ground soil type C described in EC8 with a PGA = 0.25g, and a 

damping ratio of 5%. In terms of the gravity loads, the structure was initially designed to 

carry a dead load of 11.5 kN/m resulting from the beam average own weight and the 

summation of roof a dead load of 45.2 kN/m. A spacing of 10 cm is assumed for hoops 

along the column while this spacing at the beam is assumed to be 30 cm. The design of 

the frame was guided by the requirements of capacity design philosophy. 

The overall performance of the adopted PC portal frame has shown that the main cause 

of the collapse under an earthquake ground motion is the poor behaviour of its beam-

column connection. Further details on the frame design and general performance of the 

above portal frame can be found in Martinelli and Mulas  (2010). 
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Figure 8.1. Geometric dimensions of a typical PC industrial building (Martinelli and Mulas, 

2010): (a) front view; (b) top a plan view; (c) details of beam-column joint (dimensions in cm 

and ϕ in mm). 

 

Figure 8.2. Reinforcement details of structural elements (Martinelli and Mulas, 2010): (a) PC 

beam cross-section at support and mid-span of the beam respectively (b) PC column cross-

section (dimensions in cm and ϕ in mm). 

(a) 

(b) (c) 

(a) 

(b) 
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8.3 Modelling assumptions 

Generally, the assumptions are largely due to unavailability of detailed information about 

the structural details of the building. When computing the mass for seismic analysis, it is 

assumed that the tributary area (27 m x 13.7 m) shown in Figure 8.1b is equally 

subdivided on the three frames in line with the total load of 56.7 kN/m. Then the total 

mass including the mass due to self-weight of the beam is uniformly distributed and 

assigned to the PC beam. The weight of the columns are also considered when computed 

the mass and also distributed along the columns. These assumptions have also been used 

in a previous study (Martinelli and Mulas, 2010). 

To model the hysteretic behaviour of the concrete material, the cyclic model of concrete 

with confinement effects was used as indicated in chapter 4. The cyclic curve of steel 

with kinematic hardening as described in Chapter 4 was also adopted herein to model the 

longitudinal reinforcement. In addition, the monotonic curve of steel was also used to 

model the longitudinal reinforcement under monotonic load. 

Figure 8.3 displays the typical FE model of the original and the upgraded structures. the 

total number of nonlinear fibre elements used to model the columns and frictional joints 

in either the original or the upgraded structure was 22. These fibre elements were 

distributed along the columns depending on the plastic hinge length 
pl  and the 

dimensions of the assembly of the devices 
y ye l , where 

ye  and 
yl  are defined in section 

5.6.4. The plastic hinge length 
pl of the columns was estimated based on the predictive 

equation (4.32) defined in Chapter 4. Two out of twelve nonlinear fibre hinges were used 

to model the potential plastic hinge formation at each column member in the region close 

to assembly of the devices. These fibre hinges were located inside and the outside the 

device assembly as shown in Figure 8.3. An Additional nonlinear fibre hinge located at 

1.0 m away from the assembly of the device (outside) was also used. The section 

discretisation of the columns using concrete and steel fibres is shown in Figure 5.22b and 

summarised in Table 5.3 (see Chapter 5) was used. 

In the current study, in the interest of simplicity, the PC beam is assumed to remain elastic. 

Since the assessment of the effectiveness of the calibration procedure of the device 

strength (see Chapter 5) showed that the device strengths have no negative effects on the 

beam, particularly if the beam has a high flexural strength compared to the flexural 

strength of the column, modelling the beam in nonlinear range was not considered 

necessary.  
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The connection between the beam and the columns was modelled as a frictional joint as 

presented in Chapter 5 (Section 5.7).  This to consider the frictional slippage and 

pounding between beam and column surfaces in contact when gaps in connections close. 

On the other hand, details of the connection and the refined FE meshed shown in Figures 

5.62 and 5.63, respectively, were adopted while details of the connection were given in 

Table 8.1. As previously mentioned (Section 5.7.2.2), the FE model that accounts for 

friction and pounding behaviour at the contact region depends on the friction coefficients 

( s , k ) and the value of stiffness ( xK ) in 2u - direction. The static and dynamic friction 

coefficients of 0.57 and 0.114 were used respectively. The assumption of friction 

coefficients was based on the use a dry interface as described in Chapter 5 (Section 5.7). 

The values of stiffness xK  depend on the gravity load level as mentioned in Chapter 5.  

For simplicity and saving computer efforts, an equivalent inelastic spring model that 

effectively reproduces the cyclic response of the entire FE model of the C-device was 

used herein to model the C-device R90-1.6hb in the upgraded structures. Equation of 

(5.12) is used to determine the device strength Fd or referred to the LEDS that ensures the 

formation of the desirable collapse mechanism (see Figure 5.24b) was also used. The 

identification of the LEDS and the optimum device strength ODS explored by a new 

approach are discussed in the Section 8.5. It is should be noted that the installation angle 

  (Figure 5.24a) of the device with respect to the horizontal is assumed to be 45 degree 

on the both sides of the upgraded structures as defined in Chapter 5 (Section 5.6.4.1). 

Furthermore, the elements to connect the C-device to the frame are modelled using a set 

of rigid links in the upgraded structures (Figure 8.3b). The dimensions of these rigid links 

including vertical and horizontal eccentricities ( xe ,
ye ) and device dimension ( xl , 

yl ) 

were also given in Table 8.1, respectively.  

In the interest of saving computer effort while maintaining the same accuracy level, the 

approach of the Hiber-Hughes-Taylor (HHT) alpha value of -1/24 was used for direct-

integration time history analysis. SAP2000 recommends that HHT alpha with value of 

zero is the most accurate but leads to excessive vibrations in higher frequency modes. 

More details about this approach can be found in (Hilber et al., 1977). 
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Table 8.1. Geometric details of the PC column connections and device assemblies. 

Connection details (see Figures 5.62 and 5.63) assembly of the devices 

e  

[mm] 

el  

[mm] 

g  

[mm] 

Ph  

[mm] 

Pe

[mm] 

LPC

[mm] 

coh

[mm] 

ch

[mm] 

xe

[mm] 

ye

[mm] 

xl

[mm] 

yl

[mm] 

115 370 30 700 185 100 400 600 520 220 495 495 

 

 

(a) original structure   (b) upgraded structure 

Figure 8.3. Details of the FE mesh to model the structure in its original and upgraded states. 

 

8.4 Parametric study  

Several parameters influencing both ductility capacity and demand of the structures under 

study were considered in the present work. These parameters allow to study a wide range 

of portal frame cases and applicability of C-devices. The ingredients of the parametric 

study are: 

• A family of structures (controlled by their fundamental periods) 
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• Three levels of seismic detailing (poor, moderate and high confinement levels in 

columns). 

• Three gravity load levels to match different levels of axial force in columns 

(function of pure compression load of the column section oP  ) 

• Seismic action: 7 scaled natural accelerograms per geological site 

• Three seismicity levels to anchor design spectrum (PGA = 0.2, 0.4 and 0.6g) 

8.4.1 Families of structures 

Observation has shown that most of existing PC industrial structures have columns longer 

than 5 m and shorter than 11 m (Senel and Palanci, 2013). Therefore, three structures 

were studied in the present study denoted as structure 1, structure 2 and structure 3. The 

column heights Ph h  including the pocket connection region connection are 11 m, 8 m 

and 5 m respectively. An example of FE mesh to model the structure 1 in its original and 

upgraded states is shown in Figure 8.4. 

 

 

 

(a) original structure   (b) upgraded structure 

Figure 8.4. FE models of the original and upgraded structures 1. 
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8.4.2 Seismic detailing 

A detailed review on the effects of the transverse reinforcement on the ductility capacity 

of columns in terms of the effects of confinement factors was given in Chapter 4. Three 

confinement levels denoted as poor, moderate and high confinement level were 

considered in the present work to study the influence of the available ductility in columns. 

These levels were controlled by varying only the spacing of the hoops along the column 

length while the same configuration of the hoops seen in Figure 8.2b was assumed for all 

cases. For the poor confinement level, the hoop spacing varies in columns from 50 mm 

close to the beam- column joints, to 200 mm at the column bases and elsewhere. For the 

moderate confinement level, the hoop spacing varies from 50 mm close to the beam- 

column joints to 100 mm at their base and 200 mm elsewhere. Finally, for the high 

confinement level, the hoop spacing varies in columns from 50 mm close to the beam- 

column joints and column bases to the 100 mm elsewhere.  

Table 8.2 summarises the confinement levels including steel ratios s of the transverse 

reinforcement, hoop spacing and confinement factors with respect to the column regions. 

Figure 8.5 displays the axial load versus curvature ductility capacity 
c  

for different 

confinement levels of the column section of the portal frame. The estimation of the 

curvature at failure 
f  was based on a 20% reduction observation in the moment- 

curvature response of an RC section using elasto-plastic approximation of the moment- 

curvature relationship as described in Chapter 4. The curvature at yield 
y  was defined 

based on the Figure 4.6 given in Chapter 4. As can be seen in Figure 8.5, improvement in 

curvature ductility capacity 
c  

 appears to be the smaller the spacing the higher the 

improvement. An increase in s  significantly improves column behaviour. 

It is important to note that the poor confinement level may lead to shear failure before 

rotation capacity is achieved. In contrast, the high confinement level may prevent the 

shear failure and ensure high rotation capacity and stable hysteretic behaviour of plastic 

hinge regions in particular at the column base.  

Table 8.2. Summary of confinement levels. 

Confinement 

level 
s  

[%] 

Hoop spacing 

[mm] 

Confinement 

factors 
Regions 

Poor 
1.235 50 1.34 close to beam- column joints 

0.309 200 1.07 column bases + elsewhere 

Moderate 

1.235 50 1.34 close to beam- column joints 

0.618 100 1.16 column bases 

0.309 200 1.07 elsewhere 

High 
1.235 50 1.34 

close to beam- column joints + 

column bases 

0.618 100 1.16 elsewhere 
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Figure 8.5. Ductility capacity vs axial load for the column section of the portal frame models for 

different confinement levels. 

8.4.3 Gravity load level 

A number of experimental studies showed that the curvature ductility of column section 

is very sensitive to the level of the axial load (Park et al., 1982; Sheikh and Khoury, 1993; 

Paultre et al., 2001; Berry and Eberhard, 2005). These studies have shown that an increase 

in axial load reduces the ductility of the column. Therefore, three gravity load levels were 

considered in the present work. These allow the study of different degrees of strength and 

deformation capacity of the portal frame with and without devices. Three gravity load 

levels denoted as low (LGL), moderate (MGL) and heavy (HGL) gravity load levels were 

considered. 

The results depicted in Figure 8.5 were also confirmed by the past experimental results. 

This is mainly attributed to increase in the natural axis depth under a large axial load and 

a limited ultimate strain is responsible for reducing ultimate curvature and ductility. It is 

also evident by an experiment conducted by Sheikh and Khoury  (1993) that the low axial 

load level may lead to high deformation capacity, more stable hysteretic loops, and high 

flexural loops. 

Table 8.3 shows the summary of the gravity load levels including column load 

percentages with respect to the pure compression load Po, total weight and total mass used 

for both original and upgraded structures. Well-known that the pure compression load of 

the column section corresponds to a uniform distribution of crushing strain over the entire 

section, which rarely occurs in practice. In the present study the pure compression load 

was estimated by assuming a maximum compressive strain equal to 0.004 as indicated in 

chapter 4.The pure compression load of the column section was estimated as 17,314 kN. 
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The variation of the axial load was assumed to increase around 5%. For each level of the 

gravity load corresponds a given mass and lateral response parameters including 

fundamental period of the structure. 

Table 8.3. Summary of gravity load cases. 

Structure 

type 

Gravity 

load levels 

Column 

load 

[% Po] 

Total 

weight 

[kN] 

Total mass 

[Tonne] 

T1 

[sec] 

Structure 1 

LGL 4 1105.14 112.654 1.564 

MGL 10 2401.82 244.834 2.244 

HGL 15 3555.44 362.43 2.709 

Structure 2 

LGL 4 1079.69 110.06 0.953 

MGL 10 2376.47 242.25 1.367 

HGL 15 3530.03 359.84 1.652 

Structure 3 

LGL 4 1054.28 107.47 0.466 

MGL 10 2350.97 239.65 0.662 

HGL 15 3504.62 357.25 0.797 

 

8.4.4 Seismicity levels 

It was established in Chapter 5 that the study of the simplified models of the portal frame 

under different seismic action levels allows the consideration of different degrees of 

structural strength, deformation capacity and shear strength. Therefore, the behaviour of 

the existing portal frame in its original and upgraded states was also studied under 

different seismic action levels. Three seismicity levels denoted in Chapter 5, low (LS), 

medium (MS) and high HS seismicity levels, to anchor the design spectrum at PGA = 

0.2g, 0.4g and 0.6g were considered, respectively. These levels were used to generate the 

design response spectra for 5 % viscous damping. 

8.4.5 Seismic action 

The selected 7 accelerograms of horizontal EGM and their corresponding vertical 

accelerograms displayed in Figures 5.40 and 5.41 and summarised in Table 5.6 were used 

for time- history analysis. The selection and scaling procedures of accelerograms were 

described in Chapter 5 (Section 5.6.6.1). The selected accelerograms were scaled to the 

three levels of intensity of the elastic design spectrum. The scaling factors for each 

selected EGM with respect to the three selected structures, three levels of seismic action 

and gravity load levels are summarised in Tables 8.4, 8.5 and 8.6, respectively.  

It is worth mentioning that the scaling factors are function of the fundamental period of 

the structures given in Table 8.3. Figure 8.6 shows an example of the spectra for selected 

7 records scaled to HS level corresponding to MGL level. 
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Table 8.4. Scaling factors for structure 1. 

Seismic 

action 

Gravity 

load 

accelerogram 

1551 1197 4457 787 1052 4863 1513 

LS 
LGL 1.23 0.44 1.14 1.12 0.80 0.91 0.86 
MGL 1.09 0.46 1.12 1.07 0.83 0.97 0.94 

HGL 0.99 0.48 1.10 1.03 0.87 1.02 0.98 

MS 
LGL 2.47 0.87 2.27 2.24 1.60 1.83 1.72 
MGL 2.18 0.93 2.23 2.14 1.67 1.93 1.89 

HGL 1.98 0.97 2.20 2.06 1.75 2.04 1.96 

HS 
LGL 3.70 1.31 3.41 3.36 2.40 2.74 2.58 
MGL 3.27 1.39 3.35 3.21 2.50 2.90 2.83 

HGL 2.97 1.45 3.29 3.09 2.62 3.06 2.94 

 

 

Table 8.5. Scaling factors for structure 2. 

Seismic 

action 

Gravity 

load 

accelerogram 

1551 1197 4457 787 1052 4863 1513 

LS 
LGL 1.22 0.37 1.10 1.03 0.69 0.76 0.72 
MGL 1.28 0.43 1.15 1.14 0.79 0.89 0.84 

HGL 1.21 0.44 1.14 1.12 0.81 0.92 0.87 

MS 
LGL 2.44 0.74 2.2 2.06 1.38 1.52 1.44 
MGL 2.56 0.86 2.3 2.28 1.58 1.78 1.68 

HGL 2.42 0.88 2.28 2.24 1.62 1.84 1.74 

HS 
LGL 3.66 1.11 3.3 3.09 2.07 2.28 2.16 
MGL 3.84 1.29 3.45 3.42 2.37 2.67 2.52 

HGL 3.63 1.32 3.42 3.36 2.43 2.76 2.61 

 

Table 8.6. Scaling factors for structure 3. 

Seismic 

action 

Gravity 

load 

accelerogram 

1551 1197 4457 787 1052 4863 1513 

LS 
LGL 1.23 0.33 1.18 0.93 0.62 0.77 0.64 
MGL 1.23 0.34 1.19 0.95 0.64 0.73 0.64 

HGL 1.19 0.34 1.10 0.95 0.64 0.71 0.65 

MS 
LGL 2.46 0.66 2.36 1.86 1.24 1.54 1.28 
MGL 2.46 0.68 2.38 1.9 1.28 1.46 1.28 

HGL 2.38 0.68 2.2 1.9 1.28 1.42 1.3 

HS 
LGL 3.69 0.99 3.54 2.79 1.86 2.31 1.92 
MGL 3.69 1.02 3.57 2.85 1.92 2.19 1.92 

HGL 3.57 1.02 3.3 2.85 1.92 2.13 1.95 
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(a) mean and response spectrum of scaled EGMs compared to the design spectrum for the 

seismicity level HS, structure 1. 

 
(b) mean and response spectrum of scaled EGMs compared to the design spectrum for the 

seismicity level HS, structure 2. 

 
(c) mean and response spectrum of scaled EGMs compared to the design spectrum for the 

seismicity level HS, structure 3. 

Figure 8.6. Spectra of scaled records for structures 1, 2 and 3 under MGL. 
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8.5 Calibration of the C-device strength 

8.5.1 Identification of LEDS  

LEDS was estimated in a similar manner described in Chapter 5 (Section 5.6.4), assuming 

pinned joints at beam- column connections in the PC frame in its upgraded state. The 

LEDS was evaluated by comparing different collapse mechanisms depending on the 

monotonic response of the structures. From the study of possible collapse mechanisms 

for selected structures, only the desirable collapse mechanism shown in Figure 5.25a was 

chosen to evaluate the LEDS. This was achieved by only forming plastic hinges at the 

column bases. It must be noted that for calibration of the device strengths, the controlling 

flexural strength for the columns was assumed to be that of the section considering zero 

axial load. Accordingly, the value of the flexural strength of the column section used for 

the calibration of the devices is equal to 989 kNm. Using equation (5.12), the values of 

the LEDS, or for simplicity also referred to
d equF 

, for structures 1, 2 and 3 are 1,291, 

1,368 and 1,573 kN respectively.  

8.5.2 Identification of the optimum device strength (ODS) 

A number of studies on energy dissipation devices (e.g. Martinez-Rueda 1997) have 

shown that the optimum device strength may be sensitive to ground motion 

characteristics. The effects of device strength on the reduction of displacements inflicted 

on upgraded structures may be more realistically estimated by using 7 EGMs. The value 

of the device strength tuned at ODS may be much lower than the LEDS when frictional 

joints are used at the upgraded structure, consequently leading to have economic designs. 

To find the ODS, a number of dynamic analyses for the upgraded structures 1, 2 and 3 

under LGL with moderate confinement level subjected to selected 7 records scaled to the 

HS level were conducted. A total of 168 analyses have been undertaken and discussed in 

detail below. 

To find the ODS for the structures under study, it is suggested to use the weighted value 

of the device strength, as defined by the following equations: 

1 2max1 max 2 max

max1 max 2 max

....

....

n

l l l l l l

d d d nl

d l l l

n

F F F
F

    


   
     (8.1) 

1 2max1 max 2 max

max1 max 2 max

....

....

n

r r r r r r

d d d nr

d r r r

n

F F F
F

    


   
      (8.2) 
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F

          


        
 (8.3) 

Where l

dF  and r

dF  are weighted device strengths calculated for the left and the right side 

of the upgraded structure respectively. 
n

l

dF and 
n

r

dF  are device strengths applied to the left 

and the right sides of the upgraded structures, respectively (e.g. 0.10Fd-equ, 0.20Fd-

equ…..1.00Fd-equ). max

l

n and 
max

r

n  are the maximum displacements measured at the top 

left and right sides of the upgraded structure for device strengths tuned at 
n

l

dF and 
n

r

dF   

respectively. 
dF is the optimum device strength ODS. 

Figures 8.7 to 8.9 show the results of the parametric study in terms of the displacement 

reduction (∆up/∆o) where ∆up and ∆o are the maximum displacements of the upgraded and 

original frames respectively. Generally, it is observed that the optimum device strength 

is less than LEDS.  

It was observed that device strengths higher than 0.50Fd-equ generally reduced the benefit 

of the devices significantly. As can be seen in the tuning charts shown in Figures 8.7 to 

8.9 that the average displacement reduction (dash lines) of the upgraded structures 

reduced by about 20 percent due to an increase in device strength from 0.50Fd-equ to 

1.00Fd-equ. This emphasises the necessity to involve the friction developed at the joints of 

the PC portal frames when calibration the C-device.  

The weighted average tuning charts including the value of the optimum device strength 

ODS for all structures under study are illustrated in Figure 8.10. Using the calibration 

equations 8.1 to 8.3, the ODS for structures 1, 2 and 3 were found to be 0.390Fd-equ = 503 

kN, 0.416Fd-equ = 570 kN and 0.392Fd-equ = 616 kN respectively. Therefore, for structure 

1, the required devices are assumed as two devices cut from a 18 mm plate (see Figure 

A3.2 in Appendix 3) while for structures 2 and 3, the requirements are two devices cut 

from 20 mm and 22 mm plates, respectively. Appendix 3 also includes a typical design 

of assembly of connection plates used to connect the C-devices to the RC members of the 

upgraded structure 1. 

A summary of the tuning results obtained from each selected device strength ratio (

/d d equF F 
), including maximum displacement (∆max), and reduction ratio ∆up/∆o on the 

left and right side of the structure are included in Table 8.7. These results were obtained 

for structure 1 subjected to LGL level with the moderate confinement level under selected 
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EGMs scaled to HS level. The rest of the tables are presented in Appendix 2 (Tables A2.2 

to A2.3).  

 

Figure 8.7. Upgraded structure 1 under LGL with moderate confinement level subjected to 

selected EGMs scaled to HS level. 

 

Figure 8.8. Upgraded structure 2 under LGL with moderate confinement level subjected to 

selected EGMs scaled to HS level. 

 

Figure 8.9. Upgraded structure 3 under LGL with moderate confinement level subjected to 

selected EGMs scaled to HS level average. 
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(a) structure 1 

 

(b) structure 2 

 

(c) structure 3 

Figure 8.10. Tuning charts for structures 1, 2 and 3 under LGL with moderate confinement level 

subjected to the selected EGMs scaled to HS level. 
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Table 8.7.Summary of tuning results for upgraded structure 1. 

EGM ( / )d d equF F 
 

dF  

kN 

max  [m] max

l l

dF   

 

max

r r

dF   

 

/up o   

max

l  
max

r  left right 

1551 

0.00 0.00 0.96 0.95 0.00 0.00 1.00 1.00 

0.10 129.16 0.69 0.69 89.71 88.94 0.73 0.72 

0.20 258.33 0.54 0.53 138.79 137.37 0.56 0.56 

0.30 387.49 0.50 0.46 192.35 177.24 0.52 0.48 

0.40 516.65 0.50 0.33 256.27 172.20 0.52 0.35 

0.50 645.82 0.52 0.37 336.47 238.31 0.54 0.39 

0.75 968.73 0.47 0.38 458.30 363.95 0.49 0.40 

1.00 1291.63 0.47 0.40 606.40 515.00 0.49 0.42 

1197 

0.00 0.00 0.36 0.37 0.00 0.00 1.00 1.00 

0.10 129.16 0.33 0.34 42.69 43.55 0.92 0.92 

0.20 258.33 0.33 0.33 84.23 85.49 0.90 0.90 

0.30 387.49 0.33 0.34 129.65 131.51 0.93 0.92 

0.40 516.65 0.31 0.36 160.90 185.71 0.86 0.98 

0.50 645.82 0.28 0.41 183.41 262.33 0.79 1.10 

0.75 968.73 0.43 0.50 417.91 480.10 1.19 1.35 

1.00 1291.63 0.38 0.42 487.80 543.44 1.05 1.14 

4457 

0.00 0.00 0.57 0.56 0.00 0.00 1.00 1.00 

0.10 129.16 0.54 0.53 69.17 67.95 0.95 0.95 

0.20 258.33 0.51 0.50 131.73 129.24 0.90 0.90 

0.30 387.49 0.52 0.48 200.84 185.65 0.92 0.86 

0.40 516.65 0.57 0.48 293.64 245.99 1.01 0.86 

0.50 645.82 0.58 0.47 372.12 306.12 1.02 0.85 

0.75 968.73 0.57 0.49 547.43 474.38 1.00 0.88 

1.00 1291.63 0.56 0.49 726.05 630.24 0.99 0.88 

787 

0.00 0.00 0.62 0.62 0.00 0.00 1.00 1.00 

0.10 129.16 0.50 0.49 64.20 63.46 0.81 0.80 

0.20 258.33 0.43 0.42 110.05 108.54 0.69 0.68 

0.30 387.49 0.39 0.36 149.26 141.24 0.63 0.59 

0.40 516.65 0.41 0.32 214.06 166.83 0.67 0.52 

0.50 645.82 0.45 0.36 291.26 234.04 0.73 0.59 

0.75 968.73 0.46 0.39 441.55 380.90 0.74 0.64 

1.00 1291.63 0.45 0.39 577.15 499.36 0.73 0.63 

1052. 

0.00 0.00 0.37 0.37 0.00 0.00 1.00 1.00 

0.10 129.16 0.31 0.32 40.54 41.35 0.85 0.86 

0.20 258.33 0.28 0.28 71.32 72.77 0.75 0.76 

0.30 387.49 0.27 0.27 104.35 106.52 0.73 0.74 

0.40 516.65 0.27 0.27 139.00 138.95 0.73 0.72 

0.50 645.82 0.31 0.31 197.75 201.82 0.83 0.84 

0.75 968.73 0.38 0.31 364.24 300.40 1.02 0.83 

1.00 1291.63 0.29 0.31 370.18 401.96 0.78 0.83 

4863 

0.00 0.00 0.38 0.39 0.00 0.00 1.00 1.00 

0.10 129.16 0.35 0.36 45.74 46.85 0.94 0.94 

0.20 258.33 0.32 0.33 82.26 84.27 0.84 0.84 

0.30 387.49 0.28 0.28 107.10 110.01 0.73 0.73 

0.40 516.65 0.31 0.28 159.44 142.73 0.82 0.71 

0.50 645.82 0.32 0.30 208.21 196.26 0.85 0.78 

0.75 968.73 0.34 0.29 331.30 280.64 0.90 0.75 

1.00 1291.63 0.33 0.33 429.79 430.99 0.88 0.86 

1513. 

0.00 0.00 0.40 0.40 0.00 0.00 1.00 1.00 

0.10 129.16 0.38 0.38 48.95 49.17 0.94 0.95 

0.20 258.33 0.35 0.37 91.50 96.23 0.88 0.93 

0.30 387.49 0.34 0.37 130.93 143.02 0.84 0.92 

0.40 516.65 0.34 0.40 177.83 205.40 0.86 0.99 

0.50 645.82 0.36 0.43 229.72 279.06 0.89 1.08 

0.75 968.73 0.37 0.41 357.65 399.89 0.92 1.03 

1.00 1291.63 0.37 0.42 483.72 544.86 0.93 1.05 

Total 23.51 22.71 11944.92 11332.22   
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Overall, the above method provides some confidence on the robustness of the ODS. On 

the other hand, the interaction between the dynamic properties of the upgraded structures 

and the variability of the EGM (7 accelerograms) results in different history of 

displacements for different device strengths, in particular for the upgraded structures with 

modelling of frictional joints was included. Therefore, it is recommended that the 

designer should take care the effects of frictional joints when tuning the devices. It is also 

important to conclude that the upgraded structures should take into account the ODS 

rather than LEDS condition. 

 

8.6 Monotonic analyses 

Monotonic analyses of the original and upgraded structures with device strengths tuned 

to ODS were undertaken. A displacement equivalent to a drift 4% defined in Chapter 4 

was applied at the top of each structure. The results of the lateral response of structures 

1, 2 and 3 were studied to define their yield displacement ∆𝑦, global displacement failure 

∆𝑓, displacement shear failure ∆𝑓−𝑣, displacement associated with a flexural failure 

controlled by rotation capacity ∆𝑓−𝑟 and ductility capacity 𝜇𝑐. The displacement at yield 

was estimated using the equivalent elastoplastic force- displacement relationship as 

defined in Chapter 4. The global failure displacement ∆𝑓 was defined by assuming the 

structure has failed when either a lateral drift in excess of 4% is achieved or when a 

strength drop beyond 20% of the peak strength takes place. The local failure criteria were 

controlled by either a shear failure at one of the columns of the structure or when one of 

the column elastic hinges exceeds its rotation capacity. For local failure criteria, the 

smallest ∆𝑓−𝑣 and ∆𝑓−𝑟 were selected.  

An assembly of 54 pushover analyses including combination between gravity load levels 

and confinement levels for the original and the upgraded structures have been conducted 

and they are reported in detail below.  

 

8.6.1 Original structure 

The monotonic response of the original structures under moderate gravity load level with 

three confinement levels are shown in Figure 8.11. It appears that differences between 

the low, moderate and high confinement levels before the peak response are negligible. 
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However, there is a small difference in the post-peak behaviour for all trends in terms of 

stiffness degradation and strength. As expected increased confinement levels are 

responsible for increasing the ductility capacity of the structure. 

The same trends of the monotonic response that were noted in structure 1 were observed 

for structures 2 and 3. It is also observed that the yield displacements of these structures 

are also insensitive to the confinement levels as confirmed in Figure 8.11. 

Summary of the deformation capacity for original frames obtained from monotonic 

analyses for a global and local failure criterion for structures 1, 2 and 3 is given in Tables 

8.8, 8.9 and 8.10, respectively. The ductility capacity  𝜇𝑐 established by dividing the 

smallest displacement at failure corresponding to either global or local failure criterion 

by the yield displacement for that structure. It is clearly seen that the yield displacement 

is not affected by confinement levels. It can also be noted that the displacement failure of 

the structures is mostly controlled by excessive displacement (drift of 4%). However, the 

displacement failure for structures under HGL is controlled by softening rather than 

excessive displacement ∆𝑓 for the three confinement levels.  

 

 

Figure 8.11. Influence of confinement levels on the lateral response of the original structures 1. 
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Table 8.8. Summary of deformation capacity parameters for original frames obtained from 

monotonic analyses for a global and local failure criterion 

(structure 1) 

Gravity 

load 

Confinement 

level 
y  

[m] 

f  

[m] 

f r  

[m] 

f v  

[m] 
c  

LGL 

Poor 0.250 0.440 >0.440 >0.440 1.76 

Moderate 0.250 0.440 >0.440 >0.440 1.76 

High 0.250 0.440 >0.440 >0.440 1.76 

MGL 

Poor 0.190 0.440 >0.440 >0.440 2.32 

Moderate 0.190 0.440 >0.440 >0.440 2.32 

High 0.190 0.440 >0.440 >0.440 2.32 

HGL 

Poor 0.125 0.340 >0.440 >0.440 2.75 

Moderate 0.125 0.390 >0.440 >0.440 3.12 

High 0.125 0.410 >0.440 >0.440 3.28 

 

Table 8.9. Summary of deformation capacity parameters for original frames obtained from 

monotonic analyses for a global and local failure criterion 

(structure 2). 

Gravity 

load 

Confinement 

level 
y  

[m] 

f  

[m] 

f r  

[m] 

f v  

[m] 
c  

LGL 

Poor 0.140 0.320 >0.320 >0.320 2.28 

Moderate 0.140 0.320 >0.320 >0.320 2.28 

High 0.140 0.320 >0.320 >0.320 2.28 

MGL 

Poor 0.110 0.270 >0.320 >0.320 2.45 

Moderate 0.110 0.320 >0.320 >0.320 2.90 

High 0.110 0.320 >0.320 >0.320 2.90 

HGL 

Poor 0.090 0.208 >0.208 >0.320 2.31 

Moderate 0.090 0.270 >0.320 >0.320 3.00 

High 0.090 0.320 >0.320 >0.320 3.55 

 

Table 8.10. Summary of deformation capacity parameters for original frames obtained from 

monotonic analyses for a global and local failure criterion 

(structure 3). 

Gravity 

load 

Confinement 

level 
y  

[m] 

f  

[m] 

f r  

[m] 

f v  

[m] 
c  

LGL 

Poor 0.051 0.200 >0.200 >0.200 3.92 

Moderate 0.051 0.200 >0.200 >0.200 3.92 

High 0.051 0.200 >0.200 >0.200 3.92 

MGL 

Poor 0.043 0.123 >0.200 >0.200 2.86 

Moderate 0.043 0.200 >0.200 >0.200 4.65 

High 0.043 0.200 >0.200 >0.200 4.65 

HGL 

Poor 0.035 0.094 >0.094 >0.200 2.68 

Moderate 0.035 0.173 >0.200 >0.200 4.94 

High 0.035 0.200 >0.200 >0.200 5.71 
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8.6.2 Upgraded structures 

A comparison of the monotonic response of the original and upgraded structures for 

moderate confinement level under three levels of gravity load has also been established. 

The strengths of the devices used in the upgraded structures were tuned to the ODS as 

defined in Section 8.5. As discussed in that section, the strength of the devices calibrated 

at ODS guarantees an optimum upgraded structure in terms of lower displacement 

damage. 

Figure 8.12 compares the response of original and upgraded structures 1 subjected to 

LGL. As expected, the incorporation of C-devices resulted in a moderate increase of the 

strength of the original structure (e.g. 45% increase in the strength of original structure 1 

under LGL). 

Tables 8.11 to 8.13 show the deformation capacity for upgraded structures 1, 2 and 3 

respectively based on the global and local failure criteria. These tables indicate there is a 

lower yield displacement in upgraded structures compared to that observed in the original 

structures. It is worth mentioning that the potential periods of the upgraded structures 

obtained from eigenvalue analysis reduced significantly (an average value of 44%) due 

to the presence of the devices.  

Structures 1 and 2 were controlled by global failure criteria rather than local failure 

criteria as shown in Tables 8.11 and 8.12, respectively. In contrast, all failures in upgraded 

structures 3 with poor confinement level were controlled by local failure (see Table 8.13). 

The local failure was dominated by the exceedance of the shear displacement failure in 

one column of the upgraded structures rather than exceedance of rotation capacity in the 

plastic hinge in the critical section of the columns. Consequently, shear failures may be 

expected from these cases. Therefore, upgrading using devices is feasible only if shear 

strengthening is also provided to the columns. In fact, a research work on study of 

redesign technique of RC structures using hysteretic devices (Martinez-Rueda, 1997) 

pointed out that in some cases, there is a need to provide shear strengthening in RC 

members. 
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Table 8.11. Summary of deformation capacity parameters of upgraded structures obtained from 

monotonic analyses for a global and local failure criterion 

(structure 1). 

Gravity 

load 

Confinement 

level 
y  

[m] 

f  

[m] 

f r  

[m] 

f v  

[m] 
c  

LG 
Poor 0.18 0.440 >0.440 >0.440 2.44 

Moderate 0.18 0.440 >0.440 >0.440 2.44 

High 0.18 0.440 >0.440 >0.440 2.44 

MG 
Poor 0.16 0.425 >0.440 >0.440 2.66 

Moderate 0.16 0.440 >0.440 >0.440 2.75 

High 0.16 0.440 >0.440 >0.440 2.75 

HG 
Poor 0.13 0.330 >0.440 >0.440 2.54 

Moderate 0.13 0.390 >0.440 >0.440 3.00 

High 0.13 0.420 >0.440 >0.440 3.23 

 

Table 8.12. Summary of deformation capacity parameters of upgraded structures obtained from 

monotonic analyses for a global and local failure criterion 

(structure 2). 

Gravity 

load 

Confinement 

level 
y  

[m] 

f  

[m] 

f r  

[m] 

f v  

[m] 
c  

LG 
Poor 0.09 0.320 >0.320 >0.320 3.56 

Moderate 0.09 0.320 >0.320 >0.320 3.56 

High 0.09 0.320 >0.320 >0.320 3.56 

MG 
Poor 0.07 0.320 >0.320 >0.320 4.57 

Moderate 0.07 0.320 >0.320 >0.320 4.57 

High 0.07 0.320 >0.320 >0.320 4.57 

HG 
Poor 0.05 0.200 >0.200 >0.320 4.00 

Moderate 0.05 0.320 >0.320 >0.320 6.40 

High 0.05 0.320 >0.320 >0.320 6.40 

 

Table 8.13. Summary of deformation capacity parameters of upgraded structures obtained from 

monotonic analyses for a global and local failure criterion 

(structure 3). 

Gravity 

load 

Confinement 

level 
y  

[m] 

f  

[m] 

f r  

[m] 

f v  

[m] 
c  

LG 
Poor 0.035 0.200 >0.200 0.112 3.20 

Moderate 0.045 0.200 >0.200 >0.200 4.44 

High 0.045 0.200 >0.200 >0.200 4.44 

MG 
Poor 0.020 0.200 >0.200 0.0710 3.55 

Moderate 0.030 0.200 >0.200 >0.200 6.66 

High 0.030 0.200 >0.200 >0.200 6.66 

HG 
Poor 0.010 0.120 >0.039 0.0390 3.90 

Moderate 0.020 0.190 >0.200 >0.200 9.50 

High 0.020 0.200 >0.200 >0.200 10.00 
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Figure 8.12. Comparison of lateral response of original and upgraded structure under LGL. 

 

8.7 Cyclic loading  

Analyses under reversed cyclic loading was conducted by imposing lateral displacements 

at the top of the structures using a displacement load history shown in Figure 8.13. The 

cyclic analyses were conducted to evaluate the stiffness degradation and hysteretic energy 

dissipation of the original and upgraded structures. Furthermore, these analyses were 

performed to assess displacement ductility capacity. Results of 27 cyclic analyses 

including combinations of gravity load levels, confinement levels and structures in their 

original and upgraded states were performed and reported in detail below. 

 

Figure 8.13. Displacement history applied to PC structures with and without devices. 

8.7.1.1 Hysteretic response and energy dissipation  

Figure 8.14 compares the hysteretic response of the original and upgraded structures with 

moderate confinement level for low gravity load. It is clearly seen that the hysteretic loops 

of upgraded structures show less pinching compared to that observed in the original 

structures. It is also observed that the hysteretic loops of the upgraded structures enclosed 

larger areas. The same overall trend behaviour has been observed for other confinement 

levels and structures. 
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Figures 8.15 and 8.16 compare the hysteretic energy dissipation and stiffness degradation 

between original and upgraded structures 1 with moderate confinement level and LGL. It 

is noted that more hysteretic energy is dissipated by upgraded structures compared to that 

observed in original structures as shown in Figure 8.15. The total hysteretic energy 

dissipated by the upgraded structure was 4.5 times that dissipated by the original structure. 

The greater increase of the hysteretic energy observed in the upgraded structure may be 

attributed to the presence of the devices.  

A comparison of the stiffness degradation between the original and the upgraded 

structures 1 was established in Figure 8.16. Generally, the initial stiffness of the upgraded 

frame is about 100 % higher than that of the original one. At the end of the load history 

the secant stiffness is just 40% of the value obtained for the first cycle.  

 

 

Figure 8.14. Hysteretic responses of the original and upgraded structure 1 with moderate 

confinement level and low gravity load level. 

 
Figure 8.15. Hysteretic energy dissipated by original and upgraded structures 1 with moderate 

confinement levels and LGL under reversed cyclic loading. 
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Figure 8.16. Stiffness ratio for original and upgraded structures 1 with moderate confinement 

level and LGL under reversed cyclic loading. 

 

8.8 Time history analyses  

Time-history analyses on original and upgraded structures were performed to evaluate 

the ductility demand under different earthquake scenarios. These analyses were also used 

to assess the efficiency and applicability of the upgrading technique. Furthermore, the 

drift ratio, rotation demand at the critical plastic hinges of the columns, residual 

displacement and maximum base shear demand were also established for the structures 

in their original and upgraded states. The same potential period of the original structure 

for first mode was used for the analysis of the upgraded structures to obtain consistent 

estimation of ductility demands. A damping ratio of 5% for the fundamental mode of the 

original and upgraded structures was also used. Generally speaking, there seems to be 

slight effect of the confinement levels on the maximum displacement of the original 

structures, whereas the effect on the residual displacement is more important. Figure 8.17 

compares the dynamic response of the original structure with MGL for the three 

confinement levels. A high residual displacement of the structure was observed when low 

confinement level is used. Therefore, for the dynamic analyses of the family of structures, 

it is important to consider all cases of seismic action with three levels of gravity load for 

the three confinement levels. The total number of the dynamic analyses for the family of 

structures considered in this study including the combination of gravity load levels, 

seismic action and confinement levels is 567. 

 
Figure 8.17. Comparison of displacement time-history response of the original structure 1 for 

different confinement levels (structure under MGL, EGM:1551). 
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8.8.1 Original structures    

8.8.1.1 Critical EGM records 

A summary of the results of dynamic analyses for original structures 1 under the selected 

7 EGMs scaled to LS, MS and HS level for the three levels of gravity load is given in 

Table 8.14 while the rest of the results are given in Appendix 2 (Tables A2.4 to A2.12). 

These tables include maximum displacement ∆𝑚𝑎𝑥, drift, residual displacement ∆𝑟𝑒𝑠, 

maximum rotation demand at the critical plastic hinges of the columns 𝜃𝑚𝑎𝑥, maximum 

base shear forces 𝑉𝑚𝑎𝑥, and displacement ductility demand 𝜇𝑑−∆. Generally, it is observed 

that the ductility demand of the original structures increases for increasing levels of 

seismic actions. As expected the comparison of the displacement histories of original 

structures with same level of gravity load for different confinement of peak displacement 

when levels did not show drastic differences subjected to low, medium and high seismic 

actions. However, the maximum rotation demand at the critical plastic hinges of the 

columns and residual displacement and maximum rotation demand are very sensitive to 

the degree of confinement. It was observed that the behaviour of the original structures 1 

and 2 with LG load level subjected to EGMs scaled to LS mostly was elastic.  

A summary of the critical records identified for each family dynamic analyses of the 

original structures 1, 2 and 3 is included in Tables 8.15, 8.16 and 8.17, respectively. 

Generally, it appeared that the critical records are more closely associated with the 

fundamental period of the structures rather than with the confinement levels except for 

two cases observed in the original structures 3. The variability of the critical records 

increases with lower values of the fundamental period of the structure (e.g. structures with 

LGL compared to those with HGL). It was observed that record of 4457 was critical for 

structures 1 with LGL under low, moderate and high confinement levels subjected to LS 

level. For the other cases 1551 was a consistently critical record. For original structures 

2, records 4457 and 1551 were critical while different combination of critical records 

were observed in the original structures 3.  
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Table 8.14. Summary of dynamic analysis results for original structures 1 with moderate 

confinement level. 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.19 1.74 0.004 0.006 159 0.76 

1197 0.12 1.06 0.004 0.004 129 0.47 

4457 0.22 1.97 0.010 0.006 165 0.86 

787 0.13 1.16 0.004 0.004 126 0.51 

1052 0.15 1.38 0.005 0.005 134 0.61 

4863 0.16 1.44 0.005 0.005 138 0.63 

1513 0.12 1.12 0.004 0.003 122 0.49 

MGL 

1551 0.36 3.27 0.010 0.014 240 1.90 

1197 0.18 1.60 0.008 0.006 177 0.92 

4457 0.19 1.71 0.007 0.007 184 0.99 

787 0.31 2.82 0.006 0.011 222 1.63 

1052 0.15 1.38 0.008 0.005 156 0.80 

4863 0.14 1.25 0.006 0.005 156 0.72 

1513 0.19 1.73 0.110 0.007 182 1.00 

HGL 

1551 0.47 4.30 0.012 0.024 274 3.79 

1197 0.20 1.79 0.009 0.007 208 1.57 

4457 0.20 1.81 0.017 0.007 208 1.59 

787 0.33 2.99 0.017 0.013 247 2.63 

1052 0.17 1.53 0.011 0.006 193 1.35 

4863 0.14 1.31 0.013 0.005 186 1.15 

1513 0.15 1.32 0.139 0.005 182 1.17 

MS 

LGL 

1551 0.47 4.23 0.019 0.016 224 1.86 

1197 0.20 1.81 0.003 0.007 171 0.80 

4457 0.35 3.18 0.007 0.012 196 1.40 

787 0.41 3.75 0.033 0.015 224 1.65 

1052 0.27 2.44 0.016 0.008 176 1.07 

4863 0.27 2.50 0.014 0.008 180 1.10 

1513 0.26 2.34 0.006 0.008 197 1.03 

MGL 

1551 0.81 7.35 0.031 0.044 273 4.26 

1197 0.37 3.33 0.011 0.014 247 1.93 

4457 0.41 3.69 0.032 0.017 247 2.14 

787 0.63 5.72 0.027 0.032 264 3.31 

1052 0.26 2.32 0.011 0.009 215 1.34 

4863 0.25 2.25 0.085 0.009 219 1.30 

1513 0.28 2.57 0.173 0.010 246 1.49 

HGL 

1551 0.77 7.03 0.115 0.052 286 6.19 

1197 0.32 2.92 0.010 0.013 256 2.57 

4457 0.43 3.92 0.025 0.020 276 3.45 

787 0.61 5.58 0.041 0.037 297 4.91 

1052 0.35 3.16 0.014 0.014 257 2.78 

4863 0.45 4.13 0.025 0.022 268 3.63 

1513 0.26 2.41 0.014 0.010 260 2.12 

HS 

LGL 

1551 0.96 8.71 0.120 0.046 252 3.83 

1197 0.37 3.34 0.018 0.012 218 1.47 

4457 0.57 5.14 0.061 0.022 228 2.26 

787 0.62 5.62 0.054 0.024 245 2.47 

1052 0.37 3.39 0.039 0.015 195 1.49 

4863 0.39 3.53 0.040 0.012 213 1.55 

1513 0.40 3.65 0.036 0.012 216 1.61 

MGL 

1551 1.19 10.84 0.187 0.077 281 6.27 

1197 0.45 4.12 0.017 0.019 267 2.39 

4457 0.65 5.87 0.039 0.032 279 3.40 

787 0.81 7.35 0.035 0.045 303 4.25 

1052 0.43 3.93 0.016 0.017 246 2.28 

4863 0.55 4.97 0.250 0.025 270 2.88 

1513 0.32 2.89 0.152 0.012 295 1.67 

HGL 

1551 1.10 10.03 0.444 0.085 322 8.82 

1197 0.52 4.70 0.030 0.027 294 4.13 

4457 0.68 6.21 0.055 0.041 300 5.47 

787 0.69 6.25 0.032 0.043 319 5.50 

1052 0.39 3.55 0.012 0.018 292 3.12 

4863 0.58 5.24 0.026 0.030 325 4.61 

1513 0.38 3.44 0.004 0.017 322 3.03 
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Table 8.15 Summary of critical EGMs for original structures 1. 

Seismic action 
Gravity load 

level 

Confinement level 

poor moderate high 

LS 

LGL 4457 4457 4457 

MGL 1551 1551 1551 

HGL 1551 1551 1551 

MS 

LGL 1551 1551 1551 

MGL 1551 1551 1551 

HGL 1551 1551 1551 

HS 

LGL 1551 1551 1551 

MGL 1551 1551 1551 

HGL 1551 1551 1551 

 

Table 8.16 Summary of critical EGMs for original structures 2. 

Seismic action 
Gravity load 

level 

Confinement level 

poor moderate high 

LS 

LGL 4457 4457 4457 

MGL 4457 4457 4457 

HGL 1551 1551 1551 

MS 

LGL 4457 4457 4457 

MGL 1551 1551 1551 

HGL 1551 1551 1551 

HS 

LGL 1551 1551 1551 

MGL 1551 1551 1551 

HGL 1551 1551 1551 

 

Table 8.17 Summary of critical EGMs for original structures 3. 

Seismic action 
Gravity load 

level 

Confinement level 

poor moderate high 

LS 

LGL 4457 4457 4457 

MGL 1197 1197 1197 

HGL 4457 4863 4863 

MS 

LGL 4457 4457 4457 

MGL 4457 4457 4457 

HGL 4457 4457 4457 

HS 

LGL 4457 4457 4457 

MGL 4457 4457 4457 

HGL 1551 1551 4457 
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8.8.1.2 Seismic demands 

It is important to point out that the overall demand/capacity (𝜇𝑑/𝜇𝑐) of the structure 

subjected to earthquake can be used as an important parameters indicating its overall 

seismic performance, as often referred in the literature as "important inelastic deformation 

indices" (Shen and Soong, 1996).  

The average displacement ductility demand 𝜇𝑑 and ratios of 𝜇𝑑/𝜇𝑐 of structures 1, 2 and 

3 under dynamic analyses are summarised in Tables 8.18, 8.19 and 8.20 respectively. 

Generally, the displacement ductility demand increases for increasing the level of the 

gravity load and seismic action. It was observed that the average displacement ductility 

demands of the structures 1 are much lower than those observed in the structures 2 and 3. 

This can be attributed to the effects of the period of vibration of the structures (influenced 

by the length of the columns) and the yield displacements. Furthermore, the minimum 

ratios of 𝜇𝑑/𝜇𝑐 were mostly observed in structures 1, 2 and 3 with high confinement level 

for three seismic actions.  

It can also be seen that the original structures 1, 2 and 3 with the LGL subjected to EGMs 

scaled to LS level experienced moderate damage while the rest of structures were sever 

damage and may represent total collapse. Original structures 1 and 2 with LGL subjected 

to EGMs scaled to LS level behaved elastically for all confinement levels while inelastic 

behaviour was observed for all structures 3. It seems the structure 3 is much more like the 

case of retrofit. 

It was also observed that the original structures are likely to fail for those with HS level 

for three levels of confinement and gravity loads due to high 𝜇𝑑/𝜇𝑐 ratios (see Table 8.18). 

Also for structures under MS level with HGL for three levels of confinement have also 

failed. The rest of the original structures 1 may sustain damage but should resist the 

collapse. Similar features in terms of damage evaluation were observed for other original 

structures 2 and 3. 
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Table 8.18. Summary of dynamic analysis results for original structure 1 (mean  
𝜇𝑑 and mean 𝜇𝑑/𝜇𝑐). 

 

Seismic 

action 

Gravity 

load level 

𝜇𝑑  𝜇𝑑/𝜇𝑐 

Confinement level Confinement level 

poor moderate high poor moderate high 

LS 

LGL 0.62 0.62 0.62 0.35 0.35 0.35 

MGL 1.14 1.14 1.14 0.49 0.49 0.49 

HGL 1.90 1.89 1.89 0.69 0.61 0.58 

MS 

LGL 1.27 1.27 1.27 0.72 0.72 0.72 

MGL 2.29 2.25 2.25 0.99 0.97 0.97 

HGL 3.73 3.66 3.64 1.36 1.17 1.11 

HS 

LGL 2.10 2.10 2.10 1.19 1.19 1.19 

MGL 3.32 3.31 3.30 1.44 1.43 1.42 

HGL 5.17 4.96 4.91 1.88 1.59 1.50 

 

Table 8.19. Summary of dynamic analysis results for original structure 2 (mean  
𝜇𝑑 and mean 𝜇𝑑/𝜇𝑐). 

 

Seismic 

action 

Gravity 

load level 

𝜇𝑑  𝜇𝑑/𝜇𝑐 

Confinement level Confinement level 

poor moderate high poor moderate high 

LS 

LGL 0.80 0.79 0.69 0.35 0.35 0.30 

MGL 1.40 1.40 1.40 0.57 0.48 0.48 

HGL 1.77 1.78 1.78 0.77 0.59 0.50 

MS 

LGL 1.35 1.35 1.34 0.59 0.59 0.59 

MGL 2.79 2.64 2.64 1.14 0.91 0.91 

HGL 5.10 4.18 4.08 2.21 1.39 1.15 

HS 

LGL 2.24 2.25 2.24 0.98 0.99 0.98 

MGL 5.34 4.66 4.61 2.18 1.61 1.59 

HGL 8.12 7.41 6.65 3.51 2.47 1.87 

 

Table 8.20. Summary of dynamic analysis results for original structure 3 (mean  
𝜇𝑑 and mean 𝜇𝑑/𝜇𝑐). 

 

Seismic 

action 

Gravity 

load level 

𝜇𝑑  𝜇𝑑/𝜇𝑐 

Confinement level Confinement level 

poor moderate high poor moderate high 

LS 

LGL 1.12 1.12 1.10 0.29 0.29 0.28 

MGL 2.10 2.10 2.10 0.73 0.45 0.45 

HGL 2.99 2.93 2.93 1.11 0.59 0.51 

MS 

LGL 2.44 2.41 2.45 0.62 0.62 0.62 

MGL 4.05 3.99 3.98 1.42 0.86 0.86 

HGL 5.37 5.23 5.16 2.00 1.06 0.90 

HS 

LGL 4.01 4.06 3.79 1.02 1.04 0.97 

MGL 6.74 5.86 5.80 2.36 1.26 1.25 

HGL 11.01 9.98 8.40 4.11 2.02 1.47 
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8.8.2 Upgraded structures 

8.8.2.1 Critical EGM records 

Table 8.21 summarizes the dynamic analysis results for the upgraded structures 1 for the 

three levels of gravity load and seismic action for the moderate confinement level. The 

rest of the results are presented in Tables A2.13 to A2.21 in Appendix 2. The critical 

records for the upgraded structures 1, 2 and 3 were identified in Tables 8.22 to 8.24 

respectively. Generally, the results obtained from dynamic analyses of the upgraded 

structures have shown that the displacement demand was significantly reduced due to 

introducing the C-devices. On the other hand, the hysteretic energies dissipated by the 

RC members of the upgraded structures were reduced since a significant part of the 

earthquake input energy is dissipated by the added devices. Of course, large reduction of 

drift, residual displacement and maximum rotation demand at the critical plastic hinges 

of the columns are expected if the structures are restricted to the range of slight inelastic 

deformation or even elastic range. In contrast, the peak displacement of original structures 

goes mostly beyond their yielding point. It is also observed that the displacement ductility 

demand for the upgraded structures 1, 2 and 3 are lower than those observed in original 

structures in some cases due to their lower yield displacement.  

For the upgraded structures 1, the EGM records 1551 and 4457 were critical as shown in 

Table 8.22. For structures 2 and 3, a variety of critical records was observed as shown in 

Tables 8.23 and 8.24, respectively.  

8.8.2.2 Seismic demands  

Tables 8.25 to 8.27 includes the average displacement ductility demand/ductility capacity 

ratios 𝜇𝑑/𝜇𝑐 for upgraded structures. For structures 1 and 2 with MGL and HGL with 

three levels of confinement subjected to the EGMs scaled to HS level are likely to exceed 

their displacement ductility capacity. In some upgraded structures 3, in particular those 

structures that exhibit local failure, the combined effects of poor confinement level and 

HGL under HS level condition resulted in excess of ratios 𝜇𝑑/𝜇𝑐 greater than 4. Therefore 

shear strengthening is necessary for these cases. The mean 𝜇𝑑/𝜇𝑐 ranged between 0.26 

and 1.75 for upgraded structures 1 while for upgraded structures 2 and 3 the ratios reached 

maximum of 2.57 and 6.61 respectively. 

  

Table 8.21. Summary of dynamic analyses results for upgraded structures 1 with moderate 

confinement level. 
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Seismic  

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

𝑉𝑚𝑎𝑥  

[kN] 
𝜇𝑑−∆ 

LS 

LG 

1551 0.10 0.88 0.000 0.004 201 0.54 

1197 0.11 0.99 0.000 0.004 190 0.61 

4457 0.14 1.31 0.000 0.006 226 0.80 

787 0.11 0.97 0.007 0.004 201 0.59 

1052 0.08 0.77 0.000 0.003 188 0.47 

4863 0.13 1.17 0.000 0.005 211 0.72 

1513 0.12 1.11 0.000 0.005 227 0.68 

MG 

1551 0.14 1.25 0.009 0.005 247 0.86 

1197 0.14 1.24 0.008 0.005 244 0.85 

4457 0.17 1.58 0.010 0.007 260 1.09 

787 0.11 0.99 0.012 0.004 223 0.68 

1052 0.13 1.20 0.015 0.004 241 0.83 

4863 0.12 1.13 0.011 0.005 235 0.78 

1513 0.14 1.28 0.009 0.006 258 0.88 

HG 

1551 0.17 1.50 0.012 0.007 280 1.27 

1197 0.14 1.28 0.012 0.006 272 1.08 

4457 0.18 1.63 0.013 0.007 289 1.38 

787 0.16 1.46 0.011 0.006 282 1.24 

1052 0.12 1.13 0.016 0.005 253 0.96 

4863 0.15 1.37 0.017 0.006 261 1.16 

1513 0.15 1.40 0.009 0.006 271 1.19 

MS 

LG 

1551 0.20 1.81 0.015 0.008 261 1.11 

1197 0.22 2.03 0.025 0.009 259 1.24 

4457 0.29 2.61 0.038 0.012 289 1.59 

787 0.21 1.95 0.023 0.008 258 1.19 

1052 0.18 1.64 0.000 0.007 245 1.00 

4863 0.21 1.86 0.000 0.008 252 1.14 

1513 0.24 2.21 0.025 0.009 264 1.35 

MG 

1551 0.34 3.12 0.020 0.016 337 2.15 

1197 0.26 2.36 0.012 0.011 307 1.62 

4457 0.37 3.32 0.034 0.017 329 2.28 

787 0.34 3.10 0.028 0.015 329 2.13 

1052 0.21 1.93 0.006 0.009 286 1.33 

4863 0.25 2.28 0.018 0.011 310 1.57 

1513 0.28 2.53 0.022 0.012 335 1.74 

HG 

1551 0.50 4.54 0.038 0.030 380 3.84 

1197 0.36 3.25 0.022 0.018 358 2.75 

4457 0.39 3.59 0.041 0.021 355 3.04 

787 0.46 4.15 0.016 0.027 361 3.51 

1052 0.23 2.07 0.026 0.009 296 1.75 

4863 0.26 2.40 0.019 0.012 325 2.03 

1513 0.26 2.36 0.018 0.011 324 2.00 

HS 

LG 

1551 0.50 4.58 0.136 0.023 325 2.80 

1197 0.36 3.31 0.065 0.015 292 2.02 

4457 0.51 4.65 0.082 0.023 321 2.84 

787 0.36 3.31 0.048 0.015 318 2.03 

1052 0.27 2.46 0.017 0.011 278 1.50 

4863 0.31 2.78 0.066 0.012 327 1.70 

1513 0.39 3.52 0.072 0.015 318 2.15 

MG 

1551 0.78 7.13 0.036 0.050 376 4.90 

1197 0.46 4.19 0.021 0.024 361 2.88 

4457 0.59 5.33 0.053 0.034 364 3.66 

787 0.62 5.66 0.000 0.037 376 3.89 

1052 0.32 2.91 0.029 0.014 321 2.00 

4863 0.34 3.13 0.017 0.015 338 2.15 

1513 0.38 3.50 0.023 0.018 354 2.40 

HG 

1551 0.99 9.01 0.150 0.077 400 7.62 

1197 0.52 4.69 0.038 0.032 385 3.97 

4457 0.64 5.78 0.070 0.043 398 4.89 

787 0.66 5.96 0.041 0.046 358 5.04 

1052 0.34 3.11 0.020 0.016 340 2.63 

4863 0.47 4.27 0.015 0.027 360 3.61 

1513 0.30 2.77 0.014 0.013 334 2.34 
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Table 8.22 Summary of critical EGMs for upgraded structures 1. 

Seismic action 
Gravity load 

level 

Confinement level 

poor moderate high 

LS 

LG 4457 4457 4457 

MG 4457 4457 4457 

HG 4457 4457 4457 

MS 

LG 4457 4457 4457 

MG 4457 4457 4457 

HG 1551 1551 1551 

HS 

LG 4457 4457 4457 

MG 1551 1551 1551 

HG 1551 1551 1551 

 

Table 8.23 Summary of critical EGMs for upgraded structures 2. 

Seismic action 
Gravity load 

level 

Confinement level 

poor moderate high 

LS 

LG 1197 1197 1197 

MG 4457 4457 4457 

HG 4457 4457 4457 

MS 

LG 1513 1513 1513 

MG 4457 4457 4457 

HG 1551 4457 4457 

HS 

LG 4457 4457 4457 

MG 1551 4457 4457 

HG 1551 1551 1551 

 

Table 8.24 Summary of critical EGMs for upgraded structures 3. 

Seismic action 
Gravity load 

level 

Confinement level 

poor moderate high 

LS 

LG 1551 1551 1551 

MG 1197 1052 1052 

HG 1052 1052 1052 

MS 

LG 1052 1052 1052 

MG 1197 1197 1197 

HG 4457 4457 4457 

HS 

LG 4457 4457 4457 

MG 4457 4457 4457 

HG 4457 4457 4457 
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Table 8.25. Summary of dynamic analysis results for upgraded structure 1 (mean  
𝜇𝑑 and mean 𝜇𝑑/𝜇𝑐). 

 

Seismic 

action 

Gravity 

load level 

𝜇𝑑  𝜇𝑑/𝜇𝑐 

Confinement level Confinement level 

poor moderate high poor moderate high 

LS 

LGL 0.63 0.63 0.63 0.26 0.26 0.26 

MGL 0.85 0.85 0.85 0.32 0.31 0.31 

HGL 1.18 1.18 1.18 0.47 0.39 0.37 

MS 

LGL 1.23 1.23 1.23 0.50 0.50 0.51 

MGL 1.83 1.83 1.83 0.69 0.67 0.67 

HGL 2.72 2.70 2.70 1.07 0.90 0.84 

HS 

LGL 2.14 2.15 2.15 0.88 0.88 0.88 

MGL 3.18 3.13 3.13 1.20 1.14 1.14 

HGL 4.46 4.30 4.32 1.75 1.43 1.34 

 

Table 8.26. Summary of dynamic analysis results for upgraded structure 2 (mean  
𝜇𝑑 and mean 𝜇𝑑/𝜇𝑐). 

 

Seismic 

action 

Gravity 

load level 

𝜇𝑑  𝜇𝑑/𝜇𝑐 

Confinement level Confinement level 

poor moderate high poor moderate high 

LS 

LGL 0.84 0.84 0.84 0.23 0.23 0.23 

MGL 1.59 1.59 1.59 0.35 0.35 0.35 

HGL 2.38 2.39 2.39 0.60 0.37 0.37 

MS 

LGL 1.88 1.89 1.84 0.53 0.53 0.52 

MGL 2.96 2.95 2.95 0.65 0.65 0.65 

HGL 5.91 5.19 5.11 1.48 0.81 0.80 

HS 

LGL 2.97 2.84 2.90 0.83 0.80 0.81 

MGL 5.75 5.17 4.97 1.26 1.13 1.09 

HGL 10.27 9.74 8.74 2.57 1.52 1.37 

 

Table 8.27. Summary of dynamic analysis results for upgraded structure 3 (mean  
𝜇𝑑 and mean 𝜇𝑑/𝜇𝑐). 

 

Seismic 

action 

Gravity 

load level 

𝜇𝑑  𝜇𝑑/𝜇𝑐 

Confinement level Confinement level 

poor moderate high poor moderate high 

LS 

LGL 0.78 0.60 0.60 0.24 0.14 0.14 

MGL 2.78 1.89 1.83 0.78 0.28 0.27 

HGL 7.16 3.58 3.59 1.84 0.38 0.36 

MS 

LGL 2.17 1.68 1.68 0.68 0.38 0.38 

MGL 6.31 4.12 4.11 1.78 0.62 0.62 

HGL 15.88 7.67 7.60 4.07 0.81 0.76 

HS 

LGL 3.82 2.92 2.93 1.19 0.66 0.66 

MGL 10.21 6.62 6.61 2.88 0.99 0.99 

HGL 25.77 11.63 12.42 6.61 1.22 1.24 
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8.8.3 Performance comparison between original and upgraded structures 

A comparison of results between original and upgraded structures has been conducted. 

Generally, results indicate that the suggested retrofitting technique leads to damage 

reduction. C-devices locally incorporated at the beam-to-column joint regions lead to 

significant reductions of drift and residual displacements with mild increase of base shear. 

8.8.3.1 Displacement time-history and hysteretic behaviour  

Figures 8.18 to 8.22 show a number of examples of performance comparisons between 

original and upgraded structures in terms of hysteretic response and displacement time-

history. According to these figures, it can be clearly seen the effectiveness of the C-

devices in improving the seismic performance of the structures. It was observed that the 

hysteretic loops of the upgraded structures are nearly symmetric and exhibit a small 

increase in the strength compared to that observed in the original structures. 

The results of the dynamic analyses for original and upgraded structures are compared 

for the 1551 record and presented in Figures 8.18 to 8.20. Although both original and 

upgraded structures behave nearly elastically (see Figure 8.18), the hysteretic behaviour 

of the upgraded structure reveals improved energy dissipation capacity with no signs of 

softening and negligible stiffness degradation. It was also observed that the peak 

displacements of the upgraded structures shown in Figures 8.19 and 8.22 are far less than 

the corresponding peak displacements of the original structures. 

Note, in this study the base shear was obtained from the summation of X-reactions from 

the columns. For example, the time history of the base shear forces obtained from the 

summation of X-reactions from the columns of the original structure 1 with LGL is shown 

in Figure 8.19c. It can be seen that at the maximum displacement ∆max = - 0.422 m (see 

Figure 8.19b(i)), the summation of X-reactions from the columns is reached maximum of 

-223.63 kN (see Figure 8.19c) assuming the total column mass due to its self-weight is 

placed at the top of the columns.   

Figure 8.21 compares the seismic performance between the original and upgraded 

structures subjected to the 1197 record. As previously mentioned in Chapter 5 the 

variation in amplitude in time domain for this record tends to be concentrated in a small 

region of the accelerogram while the other selected records show a wider spread of 

amplitudes. The incorporation of the devices leads to smaller reduction of displacements. 

Figure 8.22 shows an example in which a PC portal frame in its original and upgraded 

states exceeds its deformation capacity. In this example, the structure is loaded at the 
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HGL and is subjected to the EGM 1551 scaled to the HS level. It is observed that the 

original structure achieves a displacement greater than the displacement at failure (0.44 

m) and the strength drops more than 20%. Although the upgraded structure has a 

significant residual displacement reduction (50%) compared with the original structure 

and the strength dropped less than 17%, its maximum displacement is greater than a 4% 

drift. For this particular case (i.e. structures with HGL subjected to 1551 EGM scaled to 

HS level, the designer may not recommend the application of the C-devices). 

Alternatively shear strengthening is required at the critical section of columns. However, 

this was observed with one EGM, one would discard the applicability based on the 

average results of the scaled 7 records. 

 

(a) Hysteretic behaviour 

 

 
(b) Displacement response time history 

Figure 8.18. Comparison between original and upgraded structures 1 with LGL in terms of 

hysteretic behaviour and time-history response of displacements; EGM: 1551 scaled to LS level. 
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(a) Hysteretic behaviour 

 

 

 
(b) Displacement response time history 

 

 
 

(c) base shear vs. time of the original structure obtained from the summation of X-

reactions from the columns 

 
Figure 8.19. (a) hysteretic behaviour for original and upgraded structures; (b) time-history 

responses of displacements for original and upgraded structures; (c) base shear vs. time for the 

original structure only: structures 1 with LGL; EGM: 1551 scaled to MS level. 
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(a) Hysteretic behaviour 

 

 

 

 

(b) Displacement response time history 

 

 

Figure 8.20. Comparison between original and upgraded structures 1 with HGL in terms 

of hysteretic behaviour and time-history response of displacements; EGM: 1551 scaled 

to LS level. 
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(a) Hysteretic behaviour 

 

 

 

 

(b) Displacement response time history 

 

Figure 8.21. Comparison between original and upgraded structures 1 with HGL in terms 

of hysteretic behaviour and time-history response of displacements; EGM: 1197 scaled 

to HS level. 
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(a) Hysteretic behaviour 

 

 

 

(b) Displacement response time history 

 

 

Figure 8.22. Comparison between original and upgraded structures 1 with HGL in terms 

of hysteretic behaviour and time-history response of displacements; EGM: 1551 scaled 

to HS level. 
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Figure 8.23 explains the possible reasons for the “shakiness” of the hysteretic loops of 

the original structure (e.g. hysteretic loop of the original structure shown in Figure 8.22a). 

In fact, there could be a number of factors affecting the “shaky” appearance of the 

hysteresis loops (e.g. Figure 8.22a). However, it was observed that the vertical 

acceleration and more importantly, due to divide the mass along the column are 

influencing the shakiness of loops as demonstrated in Figures 8.23a and b, respectively. 

The hysteretic loops is significantly improved in items of no shakiness as shown in Figure 

8.23c when the above effects was considered together (i.e. NO vertical acceleration and 

the total column mass due to its self-weight is placed at the top of the columns).   

 

 

(a)        (b) 

 

 

(c) 

Figure 8.23. The possible reasons for the “shakiness” of the hysteric loops of 

the original structure: (a) results with NO vertical acceleration; (b) results with no mass 

(due to self-weight of column) divided along the columns but placed the total mass at 

the top of the columns; (c) results by considering both effects above together defined in 

captions (a) and (b). 
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8.8.3.2 Displacement ductility demand 

Tables 8.28, 8.29 and 8.30 summarise two parameters of global response for original and 

upgraded structures 1, 2 and 3 respectively. These tables include the results of the global 

response under dynamic analyses in terms of peak displacement (∆mu and  ∆mo) for both 

upgraded and original structures, respectively. These tables indicate that the peak 

displacements of the upgraded structures are much lower than those observed in the 

original structures. It is also observed that the ratios of upgraded/original of the above 

parameters increase with increasing gravity load level.  

Figure 8.24 compares drafts between the original and upgraded structures. Despite the 

reduced number of points in the charts a clear pattern emerges. For each case, the 

following 2nd degree polynomial equation was fitted to the results. 

2y Ax Bx          (8.4)      

Where the values of A and B for all regressions conducted are shown in A2.1 to A2.3 in 

Appendix 2 given in Table 8.31 including the values of the coefficient of regression R2 

It is observed that the fitted 2nd order polynomial in most graphs has an excellent 

coefficient of regression of R2 (R2 > 0.75).  

Figure 8.24 also shows performance comparison between original and upgraded 

structures 2 for three gravity load levels. It can be seen that the C-devices provide 

significant extra damping to the structures so that the displacement demand is greatly 

reduced. It can be also noted that most points lie below the 45 degree line. The rest of 

figures for performance comparisons between the original and upgraded structures can be 

found in Figures A2.1 to A2.3 in Appendix 2. 

It is also observed that draft in terms of mean values for the upgraded structures subjected 

to EGMs scaled to LS and MS levels are lower than 4% compared to those observed in 

the original structures (see Figure 8.25 and Figures A2.4 to A2.6 in Appendix 2). The 

influence of the devices is significant and leads to a drift reduction ranged between 20% 

and 50% for the structures under most cases. 
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Table 8.28. Comparison between original and upgraded structures 1 in terms of parameters of 

global response under EGM (mean values). 

Seismic 

action 

Gravity load 

level 

m m/u o   

Confinement level 

poor moderate high 

LS 

LGL 0.73 0.73 0.73 

MGL 0.63 0.63 0.63 

HGL 0.65 0.65 0.65 

MS 

LGL 0.70 0.70 0.70 

MGL 0.67 0.68 0.69 

HGL 0.76 0.77 0.77 

HS 

LGL 0.74 0.74 0.74 

MGL 0.81 0.80 0.80 

HGL 0.90 0.90 0.91 

 

Table 8.29. Comparison between original and upgraded structures 2 in terms of parameters of 

global response under EGM (mean values). 

Seismic 

action 

Gravity load 

level 

m m/u o   

Confinement level 

poor moderate high 

LS 

LGL 0.67 0.68 0.78 

MGL 0.72 0.72 0.72 

HGL 0.75 0.75 0.75 

MS 

LGL 0.90 0.90 0.89 

MGL 0.68 0.71 0.71 

HGL 0.64 0.69 0.70 

HS 

LGL 0.85 0.81 0.83 

MGL 0.69 0.71 0.69 

HGL 0.70 0.73 0.73 

 

Table 8.30. Comparison between original and upgraded structures 3 in terms of parameters of 

global response under EGM (mean values). 

Seismic 

action 

Gravity load 

level 

m m/u o   

Confinement level 

poor moderate high 

LS 

LGL 0.48 0.48 0.48 

MGL 0.62 0.63 0.61 

HGL 0.69 0.70 0.70 

MS 

LGL 0.61 0.62 0.61 

MGL 0.73 0.72 0.72 

HGL 0.85 0.84 0.84 

HS 

LGL 0.65 0.64 0.68 

MGL 0.70 0.79 0.80 

HGL 0.67 0.67 0.85 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure 8.24. Performance comparison between original and upgraded structures 2 for 

three gravity load levels (full set of results). 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure 8.25. Mean drift comparison between original and upgraded structures 2 for 

different combinations of confinement levels, gravity load levels and seismicity levels. 
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Table 8.31. Summary of the 2nd order polynomial equations used to fit the relationship between 

the drift of original structures (1, 2 and 3) and that of the retrofitted structures. 

Structure 

type 

Gravity 

load level 

A B R2 

Confinement level Confinement level Confinement level 

poor mode. high poor mode. high poor mode. high 

Structure 1 

LG -0.042 -0.042 -0.042 0.898 0.898 0.899 0.775 0.774 0.773 

MG -0.015 -0.019 -0.018 0.798 0.822 0.821 0.750 0.752 0.752 

HG 0.011 0.015 0.023 0.725 0.723 0.685 0.873 0.859 0.862 

Structure 2 

LG -0.048 -0.053 -0.060 0.992 0.988 1.025 0.711 0.702 0.687 

MG -0.018 -0.029 -0.030 0.822 0.877 0.866 0.866 0.853 0.792 

HG -0.016 -0.014 -0.023 0.851 0.854 0.887 0.899 0.904 0.864 

Structure 3 

LG 0.019 0.012 0.028 0.552 0.567 0.541 0.853 0.831 0.848 

MG -0.026 -0.019 -0.007 0.83 0.827 0.776 0.801 0.813 0.815 

HG -0.030 -0.048 -0.041 0.967 1.059 1.039 0.853 0.823 0.737 

 

 

8.8.3.3 Seismic rotation demand at the critical plastic hinges of the columns and 

seismic base shear demand    

Tables 8.32 to 8.34 summarised a comparison between original and upgraded structures 

in terms of maximum rotation demand at the critical plastic hinges of the columns (𝜃𝑚𝑢, 

𝜃𝑚𝑜) and maximum seismic base shear forces at column bases (𝑉𝑚𝑢 and 𝑉𝑚𝑜) for upgraded 

and original structures, respectively. As expected, the maximum rotation demand at the 

critical plastic hinges of the columns is affected by the degree of confinement. The mean 

ratio m m/u o   increases with degree of the confinement level and gravity load levels. The 

mean ratios 𝑉m𝑢/𝑉m𝑜, except for those structure 3, generally decrease with increasing 

gravity load level. This mild increase of base shear forces in the upgraded structures is 

not significant and is lower than 48%.  

 

Table 8.32. Comparison between original and upgraded structures 1 in terms of mean m m/u o    

and mean m m/u oV V under dynamic loading. 

Seismic 

action 

Gravity 

load level 

m m/u o   m m/u oV V  

Confinement level Confinement level 

poor moderate high poor moderate high 

LS 

LG 0.33 0.94 0.95 1.48 1.48 1.48 

MG 0.67 0.65 0.69 1.30 1.30 1.30 

HG 0.58 0.64 0.66 1.29 1.27 1.27 

MS 

LG 0.44 0.84 0.84 1.34 1.34 1.34 

MG 0.58 0.67 0.70 1.32 1.30 1.30 

HG 0.73 0.76 0.81 1.27 1.26 1.26 

HS 

LG 0.77 0.81 0.83 1.39 1.39 1.39 

MG 0.84 0.84 0.87 1.29 1.28 1.28 

HG 0.89 0.97 1.00 1.29 1.19 1.17 
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Table 8.33. Comparison between original and upgraded structures 2 in terms of mean m m/u o    

and mean m m/u oV V under dynamic loading. 

Seismic 

action 

Gravity 

load level 

m m/u o   m m/u oV V  

Confinement level Confinement level 

poor moderate high poor moderate high 

LS 

LG 0.83 0.83 0.83 1.48 1.48 1.47 

MG 0.82 0.82 0.82 1.46 1.35 1.32 

HG 0.77 0.80 0.81 1.34 1.33 1.33 

MS 

LG 1.09 1.11 1.07 1.54 1.54 1.54 

MG 0.64 0.77 0.77 1.37 1.36 1.35 

HG 0.62 0.67 0.72 1.40 1.36 1.35 

HS 

LG 1.01 0.96 0.97 1.37 1.38 1.37 

MG 0.69 0.72 0.22 1.38 1.36 1.37 

HG 0.82 0.74 0.75 1.37 1.35 1.34 

 

Table 8.34. Comparison between original and upgraded structures 3 in terms of mean m m/u o    

and mean m m/u oV V under dynamic loading. 

Seismic 

action 

Gravity 

load level 

m m/u o   m m/u oV V  

Confinement level Confinement level 

poor moderate high poor moderate high 

LS 

LG 0.52 0.52 0.23 1.21 1.22 1.23 

MG 0.62 0.65 0.65 1.30 1.27 1.30 

HG 0.64 0.70 0.72 1.35 1.27 1.29 

MS 

LG 0.64 0.65 0.64 1.38 1.34 1.40 

MG 0.72 0.74 0.78 1.40 1.39 1.38 

HG 0.87 0.87 0.89 1.39 1.38 1.37 

HS 

LG 0.66 0.67 0.76 1.23 1.29 1.27 

MG 0.71 0.82 0.87 1.38 1.41 1.36 

HG 0.68 0.66 0.81 1.39 1.38 1.36 

 

8.8.3.4 Demand/capacity ratios 

Figure 8.26 shows the reduction of damage in terms of the demand/capacity ratios (D/C). 

Generally, the level of the damage assessed for structures with HGL level is significantly 

higher than that for structures with LGL and MGL level. Furthermore, upgraded 

structures always exhibited less damage than that observed in the original structures.  

However, upgraded structures 3 that exhibited shear failure, especially for the cases under 

low confinement level showed higher damage than that observed in the other original 

structures (see Figure A2.9 in Appendix 2). As previously mentioned, these structures 

failed due to shear failure at the columns. Therefore, the local column strengthening, such 

as those suggested by Aboutaha and Jirsa  (1996) and Helal  (2012), should be used in the 

column bases and in conjunction with the proposed technique for structures with failure 

controlled by shear. It is important to notice that consistent mild increasing of base shear 
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demand was identified for increasing gravity load levels as shown in Figure 8.27. The 

rest of figures of D/C ratios for damage assessment can be found in Figures A2.7 to A2.9 

in Appendix 2 while Figures A2.10 to A2.12 show D/C ratios for shear assessment. 

 

 
 

(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

Figure 8.26. Mean D/C displacement comparison between original and upgraded structures 2 

for different combinations of confinement levels, gravity load levels and seismicity levels. 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure 8.27. Mean D/C shear comparison between original and upgraded structures 2 for 

different combinations of confinement levels, gravity load levels and seismicity levels. 
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8.9 Comparison of results for different approaches to model the beam- column 

joints 

 

8.9.1 Original structure  

An example of the seismic response of the original structure using either pinned joints or 

elaborate friction joints at the beam- column is compared in Figure 8.28. It is observed 

that the maximum displacement of the original structure with pinned joints (see Figure 

5.21a) is 0.84 m while the maximum displacement of 0.96 m was observed for the same 

structure but model with elaborate friction joints (see Figure 8.4). The difference between 

both responses is also shown in Figure 8.28. Very little difference of residual 

displacement was observed in the prediction of residual displacements.  

 
Figure 8.28. Comparison between seismic response of structure 1 using pinned joints and a 

structure using elaborated friction joints under 1551 EGM scaled to HS level subjected to MG 

load level. 

8.9.2 Upgraded structure  

Figure 8.29 displays the tuning chart and the ODS for upgraded structure 1 using either 

pinned joints or elaborate friction joints at the beam- column interface. This figure clearly 

shows the influence of the device strength on the displacement demand of upgraded 

structure 1 using pinned joints. In contrast to the effective trend by the dash line, which 

shows optimum device strength at 0.390 Fd, the solid line consistently decreases for 

device strengths greater than 0.40 Fd. When strength of the device tuned at 0.571 Fd 

obtained from equation (8.3) for the upgraded structure with pinned joints, ODS increased 

by about 32% with respect to the upgraded frame with elaborate friction joints. 

Practically, for the upgraded structure with device strength tuned to 0.571 Fd , three 

devices cut from 18 mm plates are required while only two devices of the same thickness 

are needed for upgraded structure with elaborate friction joints (Section 8.5.2). This 

means that the upgraded structure modelled using elaborate friction joints at the beam- 

column interface more sensitive to device strength. 
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Figure 8.29. Comparison of tuning chart results for upgraded structure 1 with elaborate friction 

joints and pinned joints at the beam- column interface. 

 

8.10 Concluding remarks  

A parametric study of the seismic response of the PC portal frames with energy 

dissipation devices (i.e. C-device) located at deep deposits of dense or medium-dense 

sand, gravel or stiff clay soil sites was conducted. The parametric study includes a wide 

range of PC portal frames controlled by their fundamental periods, different levels of 

detailing for seismic performance, gravity load levels and three seismicity actions. 

Special attention is given to the modelling of the connection between the beam and the 

columns in order to consider the frictional slippage between the beam and column 

surfaces in contact. The study gave insight into the inelastic response of the adopted PC 

structures and produced information for identifying the applicability of the C-devices for 

a wide range of PC structures. The following conclusion are drawn from this chapter:  

 From this  study and previous studies (e.g. Martinez-Rueda, 1997; Quintana and 

Petkovski, 2018) confirms that the optimum device strength varies for different 

ground motions. The range of device strength ratios between 0.2 to 0.5 generally 

resulted in maximum reductions of the deformation. On the other hand, as device 

strength ratio is increased more than 0.5, the displacement reduction of the 

structures reduced; thus reduced the benefit of the devices significantly.  

 The critical records identified for each family dynamic analyses of the original 

and upgraded structures are more closely associated with the fundamental period 

of the structures rather than with the confinement levels. 
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 A different combination of critical records were observed in the original and 

upgraded structures. These observations confirm the need to consider a variety of 

ground motions in any parametric study involving the different combinations of 

seismic actions and gravity load level (e.g. Martinez-Rueda  (1997) , Jara et al.  

(2007), Ke et al.  (2017) and (Jara et al., 2018)).  

 Results of the time history analyses showed that the minimum ratios of 𝜇𝑑/𝜇𝑐 were 

mostly observed in structures 1, 2 and 3 with high confinement level for three 

seismic actions. 

 The displacement ductility demand and base shear demand of the original and 

upgraded structures are strongly dependent on the level of the gravity load and 

seismic action. On the other hand, the confinement levels directly affects the 

residual displacement demand and rotation demand at the critical plastic hinges 

of the columns. 

 Results of the dynamic analyses indicated that the reduction of the average 

maximum displacement reached 52%. 

 An increase of average maximum shear demand of about 30%, 40% and 33% is 

found at the column base of structures 1, 2 and 3 respectively, which showed 

largely shear capacity of the cross-section except upgraded structure 3 with low 

confinement level that exhibited shear failure.  

 It was observed that the reduction of the residual displacement demand for 

upgraded structures 1, 2 and 3 reduced significantly. 

 The seismic performance of PC portal frames with C-devices calibrated at ODS 

is feasible except for some of upgraded structures 3, in particular those with low 

confinement level (e.g. structures with HGL subjected to EGM scaled to three 

seismicity levels).  

 Finally, modelling the upgraded structure with elaborate friction joints leads to 

weaker device strengths. 
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9 Chapter 9 

 

Conclusions and recommendations for further study 
 

 

 

9.1 Concluding remarks 

Currently, there is the lack of substantial action to protect existing PC industrial buildings 

in seismic prone areas. In the present study, an effort has been made to investigate C-

device application relying on its local incorporation to improve the seismic performance 

of existing PC structures. 

After the reviewing the literature regarding the study of seismic variability of existing PC 

structures, an understanding of the predominant sources of weakness and poor structural 

details was gained. A revision available retrofitting techniques exposed a gap in 

knowledge concerning local incorporation technique that addresses the problem in the PC 

beam-column connections. This technique avoids expensive technology and sophisticated 

materials while promoting easy construction and installation practices.  

Furthermore, the limited amount of analytical models on the C-device that effectively 

reproduce its cyclic response has been observed. There was also a lack of detailed and 

sufficient experimental evidence on the development of the C-device, these issues 

provided opportunity to develop this area further.  

Further concluding remarks are listed below: 

1. FE models of a C-device with two different levels of sophistication have been used to 

calibrate an equivalent nonlinear inelastic spring to model the device in a far simpler 

manner. The simpler model is a 2D frame inelastic model; whereas the more elaborate 

model is an inelastic 2D plane stress model. A number of FE analyses using these 

models have been presented and compared both, with experimental results and with 

predictions obtained using the calibrated equivalent spring. Based on the above 

results, comparisons and observations it is concluded that:  

 The above comparisons showed that both FE models effectively reproduce the 

monotonic and cyclic responses of the device.  



281 
 

 FE model results confirmed that the adoption of circular transitions at the interior 

corners of the device have a positive effect on the performance of the C-device by 

controlling the location of yielding to be inside a prescribed dissipative region of 

the device. 

 The use of equivalent nonlinear inelastic springs is an effective approach to model 

the monotonic and cyclic behaviour of C-devices that lead to significant savings 

of computing effort. 

 The properties of equivalent nonlinear inelastic springs can be calibrated based on 

the results obtained from inelastic FE analysis or tests of the C-device. 

 Experimental results have shown that C-devices with and without heat treatment 

can sustain an extremely large number of yielding reversals and accumulate a 

large amount of plastic deformation, without any sign of degradation. 

 The experimental results confirmed the effectiveness of the dissipative regions 

and the circular transitions of the C-device.  

 It has been shown that the presented FE model of the C-device is able to capture 

the stress distribution on the yielding region accurately even at the bolt region. 

Similar findings were also achieved with the device tests in terms of the cyclic 

response.  

2. The response of the original and upgraded structures determined through a number of 

nonlinear inelastic analyses. The beam-column connections of the precast RC portal 

frames were modelled using either pinned joints or elaborate friction joints. The 

response of the two structures has covered the structure response in terms of the 

maximum displacement, residual displacement, maximum rotation demand at the 

critical plastic hinges of the columns and maximum base shear force. Based on the 

above inelastic analyses results and it is concluded that: 

 The performance of the structure with devices is highly satisfactory.  

 The ODS is the weighted value of the device strength that guarantees an optimum 

upgraded structure in terms of the maximum displacement reductions when it is 

subjected to the action of a family of scaled accelerograms.  

 It is important to state that the PPRC frame in its upgraded state should be 

calibrated to the ODS, rather than the LEDS condition. 

 It can be said that the proposed nonlinear FE model in 2D that accounts for the 

behaviour of the frictional joints of the PC structures is able to give a reasonable 
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approximation of the frictional behaviour. It was concluded that modelling the 

upgraded structure with elaborate friction joints leads to weaker device strengths. 

 The new application of the C-device as a retrofitting technique results in a 

substantial reduction of structural response in terms lateral displacement, residual 

displacement and rotational demand at the critical region of the column. 

 The proposed technique results in mild increments of strength. 

 

9.2 Recommendations for further study 

1. The problem of the loss of seat at the PC beam-column connections whether limited 

to PC industrial buildings or extended to other PC buildings is a complex 

phenomenon. This phenomenon takes place in two dimensions and it is highly 

nonlinear. These are some of the real complications that are often simplified in order 

to gain insight to aid engineers produce more affordable evaluations of the behaviour 

of the connections. Nevertheless, it should be the aim to incorporate as much of the 

real complexity as possible in the current research so that it can shape the designs of 

tomorrow. 

2. Experiments on the PC beam column connection are required. This could be the next 

step to validate the proposed simplified model of beam-column connections. 

3. In the context of the retrofitting technique of the PC structures, further study is needed 

to incorporate C-devices at both the PC beam-column region and at the PC column-

foundation region. This approach may limit the number of the C-devices aimed at 

reducing the retrofitting costs, while becoming slightly invasive. 

4. The C-devices could also be studied to other types of PC structures, likely PC multi-

storey buildings.  
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1 Appendix 1 

 
A1.1 Study of the proposed technique at member level  

A1.1.1 Definition of member models 

Figure A1.1 shows PC column models with two different approaches to model the 

devices. The column models represent a simple cantilever column supporting a lumped 

mass (𝑀) at the top. The inertial mass is adjusted so that the initial elastic period of the 

model is 0.4 sec. These column models can represent a PC beam-column connection at 

their base. Hence the attached devices provide strength and stability to the system.  

A set of rigid links measuring half of the column width is used to connect the devices to 

the column while two more rigid links are provided to connect the devices to the 

foundation. Figure A1.2 defines the required lengths 𝑒𝑥 and 𝑒𝑦 of the rigid links. 

Generally, the assembly of connection plates shown in Figure A1.2 must possess adequate 

strength and stiffness to achieve the maximum efficiency of the C-devices. The strength 

of the assembly of connection plates consists of anchor bolts and base plate pinned joints 

must be designed to be higher than the yield strength of devices. this with the aim of 

concentrating energy dissipation in the devices (Martinez-Rueda, 2004). 

 

(a)      (b) 

Figure A1.1. Local incorporation of hysteretic devices around column base using (a) an 

assembly of C-devices and (b) equivalent nonlinear springs; 
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Figure A1.2. Additional eccentricities ( xe ,
ye ) due to the connection between the column cross 

section and C-devices. 

 

A1.1.2 Fibre element mesh of the column model 

Figure A1.3 shows the FE model of the cantilever column described above. The definition 

of the FE mesh of the model UNIT-1 (see Chapter 4) is also used to study the C-device. 

However, UNIT-1 in this model is pinned at its lower end, attached by additional 

nonlinear fibre elements and an assembly of the C-devices. On the other hand, the total 

height of the cantilever column h was increased by 0.715 m, which is the vertical length 

of the device assembly. 

Details of the adopted FE mesh at column base and above the assemblies of the devices 

is again shown in Figure A1.3. The RC column is modelled using 7 inelastic fibre column 

elements assuming the plastic hinge length 
pl  is equal to 384 mm. the plastic hinge length 

has been predicted based on the predictive equation (4.32) proposed by Paulay and 

Priestley  (1992) as described in Chapter 4. 

To model the longitudinal reinforcement used in the column model, a cyclic curve and 

monotonic curve of steel have also been adopted assuming the yield strength 375 MPa . 

The parameters of cyclic curve of steel have been estimated as described in Chapter 4. To 

model the concrete material, a cyclic model of concrete and its confinement effects 

(Section 4.7 in Chapter 4) have been adopted for a compressive strength of 23.1 MPa. 
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To model the C-devices, the FE model of the C-device R90-1.60hb described in Section 

5.3 in Chapter 5 has been used in the column model. The nonlinear springs were calibrated 

using the procedure described in section 5.4.3 in Chapter 5.  

 

 

Figure 1.3. FE element model of a cantilever column 

 

A1.1.3 Calibration of equivalent nonlinear springs 

A1.1.3.1 Response under monotonic lateral loading 

The pushover responses of the column models illustrated in Figure A1.4. The response of 

this column is obtained by applying a displacement of 0.25 m at the top of the column. 

The yield displacement and the force at displacement of 0.25m of the column model using 

devices with a thickness of 10 mm were found to be 0.011 and 123 kN respectively. A 

clear similarity in the 2 pushover responses can be observed. 

 

Figure A1.4. Comparison of pushover response of the cantilever column with C-devices for two 

different device models. 

Figure A1.3. 
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A1.1.3.2 Response under reversed cyclic loading 

The analysis of the column model under cyclic loading using both device models has been 

undertaken. The history of applied displacements is shown in Figure A1.5a. The cyclic 

responses of the column models are shown in Figure A1.5b. Again, the force versus 

displacement results show excellent agreement between the two models. 

 

 

 

Figure 1.5. Comparison of cyclic response of the cantilever column with C-devices for two 

different device models under reverse cyclic loading. 

 

A1.1.3.3 Response under harmonic excitation 

The response of the cantilever column with C-device models subjected to harmonic 

excitation has been studied. The harmonic excitation (see Figure A1.6a) is characterised 

by the sinusoidal horizontal ground motion of 0.5g m/sec2 for a short duration (2 sec), 

where g is the acceleration of gravity (9.81 m/sec2). The frequency of excitation is Ω = 

15.7 rad/sec, whereas the frequency of the vibration of the system using elastic stiffness 

is 𝜔 = 15.5 rad/sec. 

Figure A1.5. 
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Figure A1.6b shows the displacement responses of the 2 column models. An excellent 

agreement, both in amplitude and phase, can be observed between the two responses. 

Furthermore, a good agreement of hysteretic responses was also observed between the 2 

column models as shown in Figure A1.6c.  

 

(a) harmonic excitation of short duration 

 

 

(b) displacement response time-history 

 

(c) hysteretic responses 

Figure 1.6. Comparison of time-history displacement response and hysteretic response of the 

cantilever column with C-devices for two different device models under harmonic excitation 

load 

Figure A1.6. 
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A1.1.3.4 Response under an earthquake ground motion 

To more realistically test the effectiveness of equivalent nonlinear springs to model the 

C-devices, they should be subjected to seismic actions. This results in displacement 

histories of a somewhat random fashion. A nonlinear time history analysis of the column 

model using two simplified models subjected to the El Centro 1940, NS earthquake record 

was performed. The analysis considered only the first 12 seconds of the earthquake record 

including 5 seconds of zero acceleration as shown in Figure A1.7. This allowed the 

estimation of residual displacements. Three intensity levels were considered: 100% 

intensity (PGA = 0.32g), 200% intensity (PGA = 0.64g), and 300% intensity (PGA = 

0.96g). The first intensity is representative of a ground motion that may initiate yielding 

in the devices. The second and third intensities are representative of ground motions that 

produce significant yielding in the devices. It is observed in Figure A1.8 that both in terms 

of amplitude and phase responses. The maximum displacement for both models is found 

to be equal to -0.037 m, -0.093 m and -0.18 m for EGM scaled to PGA = 0.32g, 0.64g 

and 0.96g respectively. It is observed that the greater intensity, the larger residual 

displacements occur. Also, the hysteretic responses show a close agreement between the 

two models (see Figure A1.9). 

Table A1.1 compares the results of time history analyses of the column model using two 

simplified models. Results indicated that % differences (described in Table A1.1) 

between both models are reasonable and give evidence of good accuracy of the equivalent 

spring model. In fact, there could be a number of factors affecting the “divergence 

towards the end” appearance on the time-history displacement response of column model 

with C-devices modelled as nonlinear springs (e.g. Figure A1.8c). The divergences 

towered the end could be affected by iteration scheme and the number of time steps of 

the adopted record used for both models. However, the % differences between the other 

response parameters are reasonable (less than 3.5% and most of them less than 2%).  

 

Figure A1.7. El Centro NS 1940 EGM 
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Figure 1.8. Comparison of time-history displacement response of the cantilever column with C-

devices for two different device models under El Centro EGM. 

 

Figure A1.9. Comparison of hysteretic behaviour of the cantilever column with C-devices for 

two different device models under El Centro EGM. 

 

Table A1.1. Differences between results using the equivalent spring model (Figure A1.1b) and 

the explicit model (Figure A1.1a) of the device under earthquake loads. 

PGA 
[g] 

Column model with C-device 

modelled as nonlinear springs (refer to 

Figure A1.1b) 

Column model with the C-device model 

as frame model (refer to Figure A1.1a). 
DIFFERENCE/error in % 

d+max 

[m] 

d-max 

[m] 

Eh 

[kN-m] 
d+max [m] 

d-max 

[m] 

Eh 

[kN-m] 
d+max d-max Eh 

0.32 0.0275 -0.0375 8.88 0.0266 -0.0382 8.88 3.42 -1.89 0.00 

0.64 0.0521 -0.0929 35.86 0.0529 -0.0946 35.73 -1.57 -1.81 0.35 

0.96 0.0926 -0.1797 76.08 0.0930 -0.1795 75.71 -0.38 0.11 0.50 

Where, 

d+max is the maximum positive displacement 

d-max is the maximum negative displacement 

Eh is hysteretic energy 

 

  

Figure A1.8. 
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Table A1.2. Earthquake records 

EGM 

name 
YEAR 

Station 

Name 
Mw 

EGM 

Code 

dt 

[sec] 

td 

[sec] 

PGA 

m/s2 

EGM 

name 
YEAR 

Station 

Name 
Mw 

EGM 

Code 

dt 

[sec] 

td 

[sec] 

PGA 

m/s2 

Parkfield 1966 Temblor pre-1969 6.19 
33.205.acc 0.010 30.4 3.50 

Chi-Chi, Taiwan-03 1999 TCU078 6.20 
2628.078E.acc 0.005 37.5 4.24 

33.295.acc 0.010 30.4 2.68 2628.078N.acc 0.005 37.5 2.66 

San Fernando 1971 
Castaic -  

Old Ridge Route 
6.61 

57.021.acc 0.010 61.8 3.14 
Chi-Chi, Taiwan-03 1999 TCU079 6.20 

2629.079E.acc 0.005 37.5 2.23 

57.291.acc 0.010 61.8 2.70 2629.079N.acc 0.005 37.5 2.35 

San Fernando 1971 Lake Hughes #12 6.61 
71.12021.acc 0.010 36.7 3.75 

Chi-Chi, Taiwan-03 1999 TCU129 6.20 
2658.129E.acc 0.005 81.2 2.99 

71.12291.acc 0.010 36.7 2.77 2658.129N.acc 0.005 81.2 1.83 

Friuli, Italy-01 1976 Tolmezzo 6.50 
125.000.acc 0.005 36.4 3.50 

Chi-Chi, Taiwan-04 1999 CHY074 6.20 
2734.074E.acc 0.005 130.0 2.39 

125.270.acc 0.005 36.4 2.58 2734.074N.acc 0.005 130.0 2.92 

Friuli, Italy-02 1976 Forgaria Cornino 5.91 
132.000.acc 0.005 22.0 2.56 

Chi-Chi, Taiwan-05 1999 CHY024 6.20 
2942.024E.acc 0.005 83.0 0.30 

132.270.acc 0.005 22.0 2.08 2942.024N.acc 0.005 83.0 2.57 

Izmir, Turkey 1977 Izmir 5.30 
134.L.acc 0.010 6.5 4.09 

Chi-Chi, Taiwan-05 1999 TCU129 6.20 
3217.129E.acc 0.005 90.0 1.53 

134.T.acc 0.010 3.7 1.28 3217.129N.acc 0.005 90.0 2.12 

Tabas, Iran 1978 Dayhook 7.35 
139.L1.acc 0.020 21.0 3.18 

Chi-Chi, Taiwan-06 1999 TCU078 6.30 
3473.078E.acc 0.005 75.0 2.61 

139.T1.acc 0.020 21.0 4.02 3473.078N.acc 0.005 75.0 3.03 

Dursunbey, Turkey 1979 Dursunbey 5.34 
144.L.acc 0.010 7.2 1.52 

Chi-Chi, Taiwan-06 1999 TCU079 6.30 
3474.079E.acc 0.005 85.0 6.53 

144.T.acc 0.010 10.0 1.66 3474.079N.acc 0.005 85.0 6.14 

Coyote Lake 1979 
Coyote Lake Dam - 

Southwest Abutment 
5.74 

145.160.acc 0.005 28.8 1.38 
Chi-Chi, Taiwan-06 1999 TCU080 6.30 

3475.080E.acc 0.005 108.0 4.62 

145.250.acc 0.005 28.8 2.42 3475.080N.acc 0.005 108.0 5.05 

Coyote Lake 1979 Gilroy Array #6 5.74 
150.06230.acc 0.005 27.1 1.35 

Chi-Chi, Taiwan-06 1999 TCU129 6.30 
3507.129E.acc 0.005 86.0 0.42 

150.06320.acc 0.005 27.1 1.87 3507.129N.acc 0.005 86.0 1.63 

Livermore-02 1980 
Livermore - Fagundas 

Ranch 
5.42 

221.270.acc 0.005 39.9 2.50 
Whittier Narrows-02 1987 Pasadena - Old House Rd 5.27 

3733.000.acc 0.005 21.0 3.60 

221.360.acc 0.005 39.9 2.07 3733.090.acc 0.005 21.0 4.28 

Livermore-02 1980 
Livermore - Morgan 

Terr Park 
5.42 

222.265.acc 0.005 40.0 1.47 
Cape Mendocino 1992 

Centerville Beach, Naval 
Fac 

7.01 
3746.270.acc 0.005 28.6 3.12 

222.355.acc 0.005 40.0 2.53 3746.360.acc 0.005 28.6 4.69 

Mammoth Lakes-01 1980 Convict Creek 6.06 
230.090.acc 0.005 30.0 3.35 

Cape Mendocino 1992 Ferndale Fire Station 7.01 
3748.270.acc 0.005 28.8 2.25 

230.180.acc 0.005 30.0 4.34 3748.360.acc 0.005 28.0 1.26 

Mammoth Lakes-01 1980 
Long Valley Dam (Upr 

L Abut) 
6.06 

231.000.acc 0.005 30.0 1.10 
Cape Mendocino 1992 Loleta Fire Station 7.01 

3750.270.acc 0.005 28.7 2.00 

231.090.acc 0.005 30.0 2.66 3750.360.acc 0.005 28.7 1.14 

Mammoth Lakes-03 1980 Convict Creek 5.91 
236.090.acc 0.005 40.0 2.02 

Landers 1992 Fun Valley 7.28 
3753.045.acc 0.005 56.5 1.17 

236.180.acc 0.005 40.0 1.82 3753.135.acc 0.005 56.5 2.02 

Mammoth Lakes-03 1980 
Long Valley Dam (Upr 

L Abut) 
5.91 

239.000.acc 0.005 40.0 2.22 
Northridge-06 1994 Tarzana - Club House 5.28 

3768.115.acc 0.010 40.0 1.67 

239.090.acc 0.005 40.0 0.97 3768.205.acc 0.010 40.0 2.47 

Mammoth Lakes-04 1980 Convict Creek 5.70 
240.090.acc 0.005 40.0 3.56 

Northridge-06 1994 
LA - Sepulveda VA 

Hospital 
5.28 

3771.000.acc 0.010 31.1 3.27 

240.180.acc 0.005 40.0 1.70 3771.270.acc 0.010 31.1 1.00 

Mammoth Lakes-04 1980 
Long Valley Dam (Upr 

L Abut) 
5.70 

243.000.acc 0.005 40.0 0.49 
Northridge-06 1994 

Studio City - Ventura & 
Coldwater Cyn Av 

5.28 
3776.2092.acc 0.010 7.5 2.32 

243.090.acc 0.005 40.0 1.55 3776.2182.acc 0.010 7.5 2.51 

Mammoth Lakes-06 1980 Convict Creek 5.94 
248.090.acc 0.005 26.0 2.61 

Northridge-06 1994 Chatsworth - Devonshire 5.28 
3778.000.acc 0.010 6.7 2.23 

248.180.acc 0.005 26.0 2.53 3778.090.acc 0.010 6.7 1.86 

Mammoth Lakes-06 1980 Fish & Game (FIS) 5.94 
249.000.acc 0.005 11.5 2.91 

Tottori, Japan 2000 HRS001 6.61 
3870.001EW.acc 0.010 299.8 2.86 

249.090.acc 0.005 11.5 1.92 3870.001NS.acc 0.010 299.8 3.90 

Mammoth Lakes-06 1980 
Long Valley Dam (Upr 

L Abut) 
5.94 

250.000.acc 0.005 26.0 1.35 
Tottori, Japan 2000 HRS002 6.61 

3871.002EW.acc 0.010 299.8 3.26 

250.090.acc 0.005 26.0 2.07 3871.002NS.acc 0.010 299.8 4.73 

Mammoth Lakes-07 1980 USC McGee Creek Inn 4.73 
256.000.acc 0.005 22.0 2.91 

Tottori, Japan 2000 HRS005 6.61 
3874.005EW.acc 0.010 299.8 3.81 

256.270.acc 0.005 22.0 1.32 3874.005NS.acc 0.010 299.8 2.97 

Mammoth Lakes-08 1980 Convict Lakes (CON) 4.80 
258.180.acc 0.005 11.5 1.83 

Tottori, Japan 2000 HRS021 6.61 
3884.021EW.acc 0.010 299.8 2.56 

258.270.acc 0.005 11.5 0.39 3884.021NS.acc 0.010 299.8 2.50 

Mammoth Lakes-08 1980 Fish & Game (FIS) 4.80 
259.000.acc 0.005 17.9 2.93 

Tottori, Japan 2000 HRSH03 6.61 
3887.03EW.acc 0.005 223.0 3.42 

259.090.acc 0.005 17.9 0.60 3887.03NS.acc 0.005 223.0 2.24 

Mammoth Lakes-08 1980 USC McGee Creek Inn 4.80 
264.000.acc 0.005 40.0 3.29 

Tottori, Japan 2000 OKY004 6.61 
3907.004EW.acc 0.010 299.8 8.09 

264.270.acc 0.005 40.0 1.72 3907.004NS.acc 0.010 299.8 5.28 

Victoria, Mexico 1980 Cerro Prieto 6.33 
265.045.acc 0.010 24.5 2.86 

Tottori, Japan 2000 OKYH08 6.61 
3926.08EW.acc 0.005 300.0 2.37 

265.315.acc 0.010 24.6 0.52 3926.08NS.acc 0.005 300.0 2.24 

Irpinia, Italy-01 1980 Brienza 6.90 
288.000.acc 0.003 35.0 1.77 

Tottori, Japan 2000 OKYH09 6.61 
3927.09EW.acc 0.005 300.0 2.84 

288.270.acc 0.003 35.0 1.64 3927.09NS.acc 0.005 300.0 1.60 

Irpinia, Italy-01 1980 Sturno (STN) 6.90 
292.000.acc 0.002 39.3 2.10 

Tottori, Japan 2000 OKYH10 6.61 
3928.10EW.acc 0.005 219.0 1.32 

292.270.acc 0.002 39.3 3.14 3928.10NS.acc 0.005 219.0 2.69 

Corinth, Greece 1981 Corinth 6.60 
313.L.acc 0.010 41.3 2.32 

Tottori, Japan 2000 OKYH14 6.61 
3932.14EW.acc 0.005 300.0 4.44 

313.T.acc 0.010 40.9 2.91 3932.14NS.acc 0.005 300.0 2.59 

Coalinga-02 1983 
Anticline Ridge - 

Palmer Ave 
5.09 

371.000.acc 0.005 40.0 0.54 
Tottori, Japan 2000 SMN015 6.61 

3943.015EW.acc 0.010 299.8 2.68 

371.090.acc 0.005 40.0 2.05 3943.015NS.acc 0.010 299.8 1.48 

Coalinga-02 1983 
Anticline Ridge Free-

Field 
5.09 

372.270.acc 0.005 9.8 1.90 
Tottori, Japan 2000 SMNH01 6.61 

3947.01EW.acc 0.005 300.0 4.40 

372.360.acc 0.005 9.9 3.42 3947.01NS.acc 0.005 300.0 7.19 

Coalinga-02 1983 Anticline Ridge Pad 5.09 
373.270.acc 0.005 9.9 2.01 

Tottori, Japan 2000 SMNH02 6.61 
3948.02EW.acc 0.005 300.0 1.90 

373.360.acc 0.005 9.9 2.92 3948.02NS.acc 0.005 300.0 5.65 

Coalinga-02 1983 Oil City 5.09 
379.270.acc 0.005 10.0 0.73 

Tottori, Japan 2000 SMNH12 6.61 
3956.12EW.acc 0.005 300.0 2.09 

379.360.acc 0.005 10.0 2.16 3956.12NS.acc 0.005 300.0 2.28 

Coalinga-02 1983 
Oil Fields - Skunk 

Hollow 
5.09 

380.000.acc 0.005 40.0 2.73 
Tottori, Japan 2000 TTR007 6.61 

3964.007EW.acc 0.010 240.2 5.50 

380.090.acc 0.005 40.0 3.27 3964.007NS.acc 0.010 240.2 5.35 

Coalinga-02 1983 Oil Fields Fire Station 5.09 
381.270.acc 0.005 10.3 2.27 

Tottori, Japan 2000 TTR009 6.61 
3966.009EW.acc 0.010 240.2 5.91 

381.360.acc 0.005 10.3 1.66 3966.009NS.acc 0.010 240.2 2.69 

Coalinga-02 1983 Palmer Ave 5.09 
382.270.acc 0.005 10.4 2.09 

San Simeon, CA 2003 
Templeton - 1-story 

Hospital 
6.52 

4031.36695090.acc 0.005 101.1 3.47 

382.360.acc 0.005 10.4 2.45 4031.36695360.acc 0.005 101.1 4.73 

Coalinga-02 1983 SGT (temp) 5.09 
384.080.acc 0.005 35.8 0.80 

Bam, Iran 2003 Bam 6.60 
4040.L.acc 0.005 66.5 7.92 

384.350.acc 0.005 35.8 1.52 4040.T.acc 0.005 66.5 6.17 

Coalinga-04 1983 
Anticline Ridge Free-

Field 
5.18 

394.270.acc 0.005 20.1 2.46 
Parkfield-02, CA 2004 PARKFIELD - DONNA LEE 6.00 

4064.360.acc 0.005 80.0 3.66 

394.360.acc 0.005 20.1 2.66 4064.90.acc 0.005 80.0 2.89 

Coalinga-04 1983 Anticline Ridge Pad 5.18 
395.270.acc 0.005 20.1 2.40 

Parkfield-02, CA 2004 PARKFIELD - EADES 6.00 
4065.360.acc 0.005 65.0 2.25 

395.360.acc 0.005 20.2 2.47 4065.90.acc 0.005 65.0 3.12 

Coalinga-04 1983 Oil City 5.18 
398.270.acc 0.005 20.6 2.42 

Parkfield-02, CA 2004 
PARKFIELD - HOG 

CANYON 
6.00 

4068.360.acc 0.010 150.0 2.50 

398.360.acc 0.005 20.6 2.03 4068.90.acc 0.010 150.0 2.69 

Coalinga-05 1983 Oil City 5.77 
407.270.acc 0.005 21.2 3.66 

Parkfield-02, CA 2004 
PARKFIELD - JOAQUIN 

CANYON 
6.00 

4070.021.acc 0.005 65.0 2.38 

407.360.acc 0.005 21.3 0.92 4070.111.acc 0.005 65.0 4.83 

Coalinga-05 1983 
Oil Fields Fire Station - 

Pad 
5.77 

409.270.acc 0.005 19.5 1.82 
Parkfield-02, CA 2004 

PARKFIELD - MIDDLE 
MOUNTAIN 

6.00 
4071.360.acc 0.005 65.0 1.44 

409.360.acc 0.005 19.5 2.12 4071.90.acc 0.005 65.0 1.81 

Coalinga-05 1983 Palmer Ave 5.77 
410.270.acc 0.005 21.6 2.76 

Parkfield-02, CA 2004 
PARKFIELD - STOCKDALE 

MTN 
6.00 

4073.180.acc 0.005 60.0 1.65 

410.360.acc 0.005 21.6 3.04 4073.270.acc 0.005 60.0 2.30 

Coalinga-05 1983 Skunk Hollow 5.77 
413.270.acc 0.005 21.3 3.77 

Parkfield-02, CA 2004 
PARKFIELD - WORK 

RANCH 
6.00 

4075.360.acc 0.005 8.8 1.82 

413.360.acc 0.005 21.3 2.23 4075.90.acc 0.005 8.8 3.35 

Coalinga-05 1983 Transmitter Hill 5.77 
415.270.acc 0.005 21.8 3.16 

Parkfield-02, CA 2004 Slack Canyon 6.00 
4097.090.acc 0.005 21.2 1.83 

415.360.acc 0.005 21.8 10.03 4097.360.acc 0.005 21.2 2.90 

Morgan Hill 1984 
Anderson Dam 
(Downstream) 

6.19 
448.250.acc 0.005 28.4 4.15 

Parkfield-02, CA 2004 Parkfield - Cholame 2E 6.00 
4099.2090.acc 0.005 20.7 2.27 

448.340.acc 0.005 28.4 1.60 4099.2360.acc 0.005 20.7 4.76 

Morgan Hill 1984 
Coyote Lake Dam - 

Southwest Abutment 
6.19 

451.195.acc 0.005 30.0 7.00 
Parkfield-02, CA 2004 Parkfield - Cholame 3E 6.00 

4101.3090.acc 0.005 20.9 4.32 

451.285.acc 0.005 30.0 2.72 4101.3360.acc 0.005 20.9 7.84 

Morgan Hill 1984 Gilroy Array #6 6.19 
459.06000.acc 0.005 30.0 0.97 

Parkfield-02, CA 2004 Parkfield - Cholame 4W 6.00 
4103.04090.acc 0.005 21.0 3.93 

459.06090.acc 0.005 30.0 2.37 4103.04360.acc 0.005 21.0 2.01 

Nahanni, Canada 1985 Site 1 6.76 
495.1010.acc 0.002 10.3 9.35 

Parkfield-02, CA 2004 Parkfield - Fault Zone 11 6.00 
4114.11090.acc 0.005 20.9 5.87 

495.1280.acc 0.002 10.3 5.71 4114.11360.acc 0.005 20.9 2.94 

Nahanni, Canada 1985 Site 2 6.76 
496.2240.acc 0.002 10.0 5.09 

Parkfield-02, CA 2004 Parkfield - Gold Hill 2E 6.00 
4119.2090.acc 0.005 21.2 1.09 

496.2330.acc 0.002 10.0 3.48 4119.2360.acc 0.005 21.2 2.38 

N. Palm Springs 1986 Cabazon 6.06 
514.180.acc 0.005 20.6 1.30 

Parkfield-02, CA 2004 Parkfield - Gold Hill 3W 6.00 
4122.3090.acc 0.005 20.7 3.47 

514.270.acc 0.005 20.6 0.75 4122.3360.acc 0.005 20.7 3.11 

N. Palm Springs 1986 Hurkey Creek Park 6.06 
521.045.acc 0.005 11.2 2.25 

Parkfield-02, CA 2004 Parkfield - Gold Hill 4W 6.00 
4123.4090.acc 0.005 21.2 2.47 

521.135.acc 0.005 11.3 1.80 4123.4360.acc 0.005 21.2 3.58 
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N. Palm Springs 1986 
Morongo Valley Fire 

Station 
6.06 

527.045.acc 0.005 20.2 2.12 
Parkfield-02, CA 2004 Parkfield - Gold Hill 5W 6.00 

4124.5090.acc 0.005 21.3 1.75 

527.135.acc 0.005 20.2 2.13 4124.5360.acc 0.005 21.3 1.07 

N. Palm Springs 1986 San Jacinto - Soboba 6.06 
534.08000.acc 0.005 60.0 2.00 

Parkfield-02, CA 2004 
Parkfield - Stone Corral 

3E 
6.00 

4128.3090.acc 0.005 21.2 1.93 

534.08090.acc 0.005 60.0 1.82 4128.3360.acc 0.005 21.2 2.12 

N. Palm Springs 1986 
Whitewater Trout 

Farm 
6.06 

540.180.acc 0.005 20.1 4.43 
Parkfield-02, CA 2004 

Parkfield - Vineyard Cany 
1E 

6.00 
4130.1090.acc 0.005 20.6 2.49 

540.270.acc 0.005 20.1 6.18 4130.1360.acc 0.005 20.6 2.70 

Kalamata, Greece-01 1986 Kalamata (bsmt) 6.20 
564.NS.acc 0.002 29.2 2.34 

Parkfield-02, CA 2004 
Parkfield - Vineyard Cany 

2E 
6.00 

4132.090.acc 0.005 21.2 3.60 

564.WE.acc 0.002 29.4 0.95 4132.360.acc 0.005 21.2 2.29 

Kalamata, Greece-02 1986 
Kalamata (bsmt) (2nd 

trigger) 
5.40 

566.NS.acc 0.002 15.2 0.89 
Parkfield-02, CA 2004 

Parkfield - Vineyard Cany 
2W 

6.00 
4133.2090.acc 0.005 21.2 5.28 

566.WE.acc 0.002 15.2 1.37 4133.2360.acc 0.005 21.2 3.76 

San Salvador 1986 
Geotech Investig 

Center 
5.80 

568.090.acc 0.005 9.1 4.27 
Parkfield-02, CA 2004 PARKFIELD - UPSAR 02 6.00 

4139.02090.acc 0.005 60.0 3.01 

568.180.acc 0.005 9.0 4.13 4139.02360.acc 0.005 60.0 1.18 

San Salvador 1986 
National Geografical 

Inst 
5.80 

569.180.acc 0.005 20.3 3.96 
Parkfield-02, CA 2004 PARKFIELD - UPSAR 03 6.00 

4140.03090.acc 0.005 60.0 2.49 

569.270.acc 0.005 20.3 5.15 4140.03360.acc 0.005 60.0 0.89 

Baja California 1987 Cerro Prieto 5.50 
585.161.acc 0.005 40.0 12.56 

Parkfield-02, CA 2004 PARKFIELD - UPSAR 05 6.00 
4141.05090.acc 0.005 60.0 1.79 

585.251.acc 0.005 40.0 6.96 4141.05360.acc 0.005 60.0 1.61 

New Zealand-02 1987 Matahina Dam 6.60 
587.083.acc 0.020 49.3 2.02 

Parkfield-02, CA 2004 PARKFIELD - UPSAR 06 6.00 
4142.06090.acc 0.005 60.0 2.42 

587.353.acc 0.020 49.3 2.36 4142.06360.acc 0.005 60.0 1.58 

Whittier Narrows-01 1987 
Alhambra - Fremont 

School 
5.99 

589.180.acc 0.005 40.0 1.87 
Parkfield-02, CA 2004 PARKFIELD - UPSAR 07 6.00 

4143.07090.acc 0.005 60.0 1.37 

589.270.acc 0.005 40.0 0.92 4143.07360.acc 0.005 60.0 3.68 

Whittier Narrows-01 1987 
Altadena - Eaton 

Canyon 
5.99 

590.000.acc 0.005 40.0 3.01 
Parkfield-02, CA 2004 PARKFIELD - UPSAR 08 6.00 

4144.08090.acc 0.005 60.0 2.53 

590.090.acc 0.005 40.0 0.80 4144.08360.acc 0.005 60.0 1.39 

Whittier Narrows-01 1987 Arcadia - Campus Dr 5.99 
592.009.acc 0.005 34.9 2.81 

Parkfield-02, CA 2004 PARKFIELD - UPSAR 09 6.00 
4145.09090.acc 0.005 60.0 2.75 

592.279.acc 0.005 34.9 1.73 4145.09360.acc 0.005 60.0 1.49 

Whittier Narrows-01 1987 
Brea Dam 

(Downstream) 
5.99 

600.040.acc 0.005 29.9 1.23 
Parkfield-02, CA 2004 PARKFIELD - UPSAR 11 6.00 

4147.11090.acc 0.005 60.0 1.31 

600.130.acc 0.005 30.0 3.11 4147.11360.acc 0.005 60.0 3.50 

Whittier Narrows-01 1987 
Garvey Res. - Control 

Bldg 
5.99 

619.060.acc 0.005 26.9 2.65 
Parkfield-02, CA 2004 PARKFIELD - UPSAR 12 6.00 

4148.12090.acc 0.005 60.0 2.21 

619.330.acc 0.005 26.7 0.37 4148.12360.acc 0.005 60.0 2.00 

Whittier Narrows-01 1987 Glendale - Las Palmas 5.99 
620.177.acc 0.005 31.4 1.84 

Parkfield-02, CA 2004 PARKFIELD - UPSAR 13 6.00 
4149.13090.acc 0.005 60.0 0.51 

620.267.acc 0.005 31.4 1.73 4149.13360.acc 0.005 60.0 2.11 

Whittier Narrows-01 1987 
Pasadena - Old House 

Rd 
5.99 

683.000.acc 0.005 30.0 2.32 
Niigata, Japan 2004 FKSH21 6.63 

4169.21EW.acc 0.005 180.0 2.91 

683.090.acc 0.005 30.0 1.33 4169.21NS.acc 0.005 180.0 1.98 

Whittier Narrows-01 1987 
San Gabriel - E Grand 

Ave 
5.99 

690.180.acc 0.005 29.9 2.47 
Niigata, Japan 2004 GNM002 6.63 

4170.002EW.acc 0.010 299.8 2.81 

690.270.acc 0.005 29.9 1.81 4170.002NS.acc 0.010 299.8 3.43 

Whittier Narrows-01 1987 
Studio City - Ventura & 

Coldwater Cyn Av 
5.99 

694.2092.acc 0.005 32.4 2.11 
Niigata, Japan 2004 GNM003 6.63 

4171.003EW.acc 0.010 299.8 2.92 

694.2182.acc 0.005 32.4 2.32 4171.003NS.acc 0.010 299.8 2.63 

Whittier Narrows-02 1987 
Altadena - Eaton 

Canyon 
5.27 

708.000.acc 0.005 22.0 2.66 
Niigata, Japan 2004 NIG019 6.63 

4209.019EW.acc 0.010 299.8 13.01 

708.090.acc 0.005 22.0 1.95 4209.019NS.acc 0.010 299.8 11.45 

Superstition Hills-02 1987 
Superstition Mtn 

Camera 
6.54 

727.045.acc 0.010 22.2 1.03 
Niigata, Japan 2004 NIG021 6.63 

4211.021EW.acc 0.010 300.0 8.46 

727.135.acc 0.010 22.2 4.79 4211.021NS.acc 0.010 300.0 17.09 

Loma Prieta 1989 
Anderson Dam 
(Downstream) 

6.93 
739.250.acc 0.005 39.7 2.42 

Niigata, Japan 2004 NIG023 6.63 
4213.023EW.acc 0.010 165.9 1.78 

739.340.acc 0.005 39.7 2.29 4213.023NS.acc 0.010 165.9 3.97 

Loma Prieta 1989 BRAN 6.93 
741.000.acc 0.005 25.0 3.27 

Niigata, Japan 2004 NIG024 6.63 
4214.024EW.acc 0.010 299.8 2.18 

741.090.acc 0.005 25.0 4.11 4214.024NS.acc 0.010 299.8 2.40 

Loma Prieta 1989 Corralitos 6.93 
753.000.acc 0.005 40.0 6.33 

Niigata, Japan 2004 NIG028 6.63 
4218.028EW.acc 0.005 138.8 5.07 

753.090.acc 0.005 40.0 4.74 4218.028NS.acc 0.005 138.8 8.31 

Loma Prieta 1989 
Coyote Lake Dam - 

Southwest Abutment 
6.93 

755.195.acc 0.005 40.0 0.87 
Niigata, Japan 2004 NIGH01 6.63 

4219.01EW.acc 0.005 180.0 6.57 

755.285.acc 0.005 40.0 1.44 4219.01NS.acc 0.005 180.0 8.21 

Loma Prieta 1989 Gilroy - Gavilan Coll. 6.93 
763.067.acc 0.005 40.0 2.44 

Niigata, Japan 2004 NIGH06 6.63 
4223.06EW.acc 0.005 180.0 4.10 

763.337.acc 0.005 40.0 1.64 4223.06NS.acc 0.005 180.0 3.56 

Loma Prieta 1989 LGPC 6.93 
779.000.acc 0.005 25.0 5.59 

Niigata, Japan 2004 NIGH09 6.63 
4226.09EW.acc 0.005 180.0 2.72 

779.090.acc 0.005 25.0 5.96 4226.09NS.acc 0.005 180.0 3.69 

Loma Prieta 1989 Palo Alto - SLAC Lab 6.93 
787.270.acc 0.005 39.6 1.91 

Niigata, Japan 2004 NIGH11 6.63 
4228.11EW.acc 0.005 180.0 3.28 

787.360.acc 0.005 39.6 2.72 4228.11NS.acc 0.005 180.0 2.52 

Loma Prieta 1989 
San Jose - Santa 

Teresa Hills 
6.93 

801.225.acc 0.005 50.0 2.32 
Niigata, Japan 2004 NIGH12 6.63 

4229.12EW.acc 0.005 180.0 3.43 

801.315.acc 0.005 50.0 2.54 4229.12NS.acc 0.005 180.0 4.10 

Loma Prieta 1989 Saratoga - Aloha Ave 6.93 
802.000.acc 0.005 40.0 2.37 

Ancona-09, Italy 1972 Ancona-Rocca 4.70 
4260.000.acc 0.005 18.9 5.08 

802.090.acc 0.005 40.0 3.20 4260.090.acc 0.005 18.9 3.89 

Loma Prieta 1989 UCSC 6.93 
809.2000.acc 0.005 25.0 3.07 

Ancona-09, Italy 1972 Genio-Civile 4.70 
4261.000.acc 0.005 7.8 3.49 

809.2090.acc 0.005 25.0 3.46 4261.090.acc 0.005 7.8 2.95 

Loma Prieta 1989 UCSC Lick Observatory 6.93 
810.000.acc 0.005 40.0 4.51 

Ancona-10, Italy 1972 Ancona-Rocca 4.30 
4263.000.acc 0.005 8.7 4.56 

810.090.acc 0.005 40.0 4.09 4263.090.acc 0.005 8.6 2.09 

Loma Prieta 1989 WAHO 6.93 
811.000.acc 0.005 25.0 3.66 

Friuli (aftershock 2), Italy 1976 Forgaria Cornino 4.90 
4268.000.acc 0.005 18.1 1.83 

811.090.acc 0.005 25.0 6.42 4268.090.acc 0.005 18.1 2.95 

Cape Mendocino 1992 Cape Mendocino 7.01 
825.000.acc 0.020 30.0 14.65 Umbria Marche 

(foreshock), Italy 
1997 Nocera Umbra 5.70 

4339.000.acc 0.005 12.0 2.99 

825.090.acc 0.020 30.0 10.19 4339.270.acc 0.005 12.0 1.85 

Cape Mendocino 1992 Petrolia 7.01 
828.000.acc 0.020 36.0 4.42 

Umbria Marche, Italy 1997 Nocera Umbra 6.00 
4352.000.acc 0.005 20.0 4.63 

828.090.acc 0.020 36.0 6.49 4352.270.acc 0.005 20.0 2.38 

Landers 1992 Joshua Tree 7.28 
864.000.acc 0.020 44.0 2.68 Umbria Marche 

(aftershock 3), Italy 
1997 Nocera Umbra 5.30 

4356.000.acc 0.003 21.1 2.82 

864.090.acc 0.020 44.0 2.79 4356.270.acc 0.003 21.1 1.99 

Big Bear-01 1992 
Big Bear Lake - Civic 

Center 
6.46 

901.270.acc 0.010 60.0 4.72 Umbria Marche 
(aftershock 3), Italy 

1997 Nocera Umbra-Biscontini 5.30 
4357.000.acc 0.005 20.0 1.83 

901.360.acc 0.010 60.0 5.34 4357.090.acc 0.005 20.0 2.68 

Northridge-01 1994 
Beverly Hills - 12520 

Mulhol 
6.69 

952.2035.acc 0.010 24.0 2.83 Umbria Marche 
(aftershock 1), Italy 

1997 Nocera Umbra 5.50 
4367.000.acc 0.005 37.2 4.41 

952.2125.acc 0.010 24.0 3.81 4367.270.acc 0.005 37.2 2.57 

Northridge-01 1994 
Big Tujunga, Angeles 

Nat F 
6.69 

954.262.acc 0.010 30.0 1.59 Umbria Marche 
(aftershock 1), Italy 

1997 Nocera Umbra-Biscontini 5.50 
4368.000.acc 0.005 25.6 2.58 

954.352.acc 0.010 30.0 2.49 4368.090.acc 0.005 25.6 3.31 

Northridge-01 1994 
Castaic - Old Ridge 

Route 
6.69 

963.090.acc 0.020 40.0 5.58 Umbria Marche 
(aftershock 7), Italy 

1997 Nocera Umbra 4.30 
4375.000.acc 0.003 8.1 7.89 

963.360.acc 0.020 40.0 5.05 4375.270.acc 0.003 8.1 4.60 

Northridge-01 1994 Glendale - Las Palmas 6.69 
974.177.acc 0.010 30.0 3.58 Umbria Marche 

(aftershock 2), Italy 
1997 Borgo-Cerreto Torre 5.60 

4383.000.acc 0.005 23.3 3.32 

974.267.acc 0.010 30.0 2.03 4383.090.acc 0.005 23.3 3.28 

Northridge-01 1994 
Jensen Filter Plant 

Administrative 
Building 

6.69 
982.022.acc 0.005 28.6 4.03 

Umbria Marche 
(aftershock 11), Italy 

1997 Colfiorito-Casermette 4.30 
4395.180.acc 0.005 10.0 1.37 

982.292.acc 0.005 28.6 1.55 4395.270.acc 0.005 10.0 2.28 

Northridge-01 1994 
Jensen Filter Plant 
Generator Building 

6.69 
983.022.acc 0.005 28.6 5.60 Umbria Marche 

(aftershock 17), Italy 
1998 Nocera Umbra-Biscontini 5.10 

4411.000.acc 0.005 23.0 1.49 

983.292.acc 0.005 28.6 9.76 4411.090.acc 0.005 23.0 3.06 

Northridge-01 1994 LA - Chalon Rd 6.69 
989.070.acc 0.010 31.1 1.63 Umbria Marche 

(aftershock 17), Italy 
1998 Nocera Umbra 2 5.10 

4412.2000.acc 0.005 20.0 3.73 

989.160.acc 0.010 31.1 1.80 4412.2090.acc 0.005 20.0 3.05 

Northridge-01 1994 LA - City Terrace 6.69 
990.090.acc 0.010 40.0 2.58 

Montenegro, Yugo. 1979 Bar-Skupstina Opstine 7.10 
4451.000.acc 0.010 47.8 3.65 

990.180.acc 0.010 40.0 1.83 4451.090.acc 0.010 47.8 3.20 

Northridge-01 1994 LA - Cypress Ave 6.69 
991.053.acc 0.010 29.5 2.11 

Montenegro, Yugo. 1979 
Herceg Novi - O.S.D. 

Paviviv 
7.10 

4455.000.acc 0.010 48.0 2.14 

991.143.acc 0.010 29.5 0.94 4455.090.acc 0.010 48.0 2.33 

Northridge-01 1994 
LA - Sepulveda VA 

Hospital 
6.69 

1004.270.acc 0.005 47.8 5.07 
Montenegro, Yugo. 1979 Petrovac - Hotel Olivia 7.10 

4456.000.acc 0.010 48.2 3.17 

1004.360.acc 0.005 47.8 4.51 4456.090.acc 0.010 48.2 2.52 

Northridge-01 1994 LA - UCLA Grounds 6.69 
1006.090.acc 0.020 60.0 1.50 

Montenegro, Yugo. 1979 Ulcinj - Hotel Albatros 7.10 
4457.000.acc 0.010 40.4 1.80 

1006.360.acc 0.020 60.0 4.65 4457.090.acc 0.010 40.4 2.24 

Northridge-01 1994 LA 00 6.69 
1012.0180.acc 0.010 60.0 2.58 

Montenegro, Yugo. 1979 Veliki Ston-F-Ka Soli 7.10 
4459.000.acc 0.010 29.2 2.65 

1012.0270.acc 0.010 60.0 1.43 4459.090.acc 0.010 29.2 1.23 

Northridge-01 1994 LA Dam 6.69 
1013.064.acc 0.005 26.6 4.18 

L'Aquila, Italy 2009 
L'Aquila - V. Aterno - 

Centro Valle 
6.30 

4480.066XTE.acc 0.005 40.0 6.51 

1013.334.acc 0.005 26.6 3.18 4480.066YLN.acc 0.005 40.0 2.16 

Northridge-01 1994 Lake Hughes #12A 6.69 
1020.12090.acc 0.010 40.0 1.71 

L'Aquila, Italy 2009 
L'Aquila - V. Aterno -

Colle Grilli 
6.30 

4481.030XTE.acc 0.005 40.0 2.81 

1020.12180.acc 0.010 40.0 1.30 4481.030YLN.acc 0.005 40.0 2.45 

Northridge-01 1994 Pacoima Kagel Canyon 6.69 
1052.090.acc 0.020 40.0 2.96 

L'Aquila, Italy 2009 
L'Aquila - V. Aterno -F. 

Aterno 
6.30 

4482.104XTE.acc 0.005 40.0 3.94 

1052.360.acc 0.020 40.0 4.25 4482.104YLN.acc 0.005 40.0 3.78 

Northridge-01 1994 
Pasadena - N Sierra 

Madre 
6.69 

1055.180.acc 0.010 19.9 2.58 
L'Aquila, Italy 2009 L'Aquila - Parking 6.30 

4483.043XTE.acc 0.005 40.0 3.30 

1055.270.acc 0.010 19.9 1.86 4483.043YLN.acc 0.005 40.0 2.86 

Northridge-01 1994 
San Gabriel - E Grand 

Ave 
6.69 

1070.180.acc 0.010 35.0 0.81 L'Aquila (aftershock 1), 
Italy 

2009 GRAN SASSO (Assergi) 5.60 
4508.068XTE.acc 0.005 40.0 1.48 

1070.270.acc 0.010 35.0 1.96 4508.068YLN.acc 0.005 40.0 1.99 
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Northridge-01 1994 Santa Susana Ground 6.69 
1078.000.acc 0.005 57.3 1.21 

Chuetsu-oki 2007 
Joetsu Uragawaraku 

Kamabucchi 
6.80 

4842.65005NS.acc 0.010 60.0 2.53 

1078.090.acc 0.005 57.3 2.76 4842.65005EW.acc 0.010 60.0 5.52 

Northridge-01 1994 
Simi Valley - Katherine 

Rd 
6.69 

1080.000.acc 0.010 25.0 4.55 
Chuetsu-oki 2007 Joetsu Oshimaku Oka 6.80 

4845.65008EW.acc 0.010 60.0 6.01 

1080.090.acc 0.010 25.0 5.25 4845.65008NS.acc 0.010 60.0 5.20 

Northridge-01 1994 
Sylmar - Converter Sta 

East 
6.69 

1085.011.acc 0.005 54.7 8.37 
Chuetsu-oki 2007 

Joetsu Yanagishima 
paddocks 

6.80 
4846.65009EW.acc 0.010 60.0 1.94 

1085.281.acc 0.005 54.7 2.95 4846.65009NS.acc 0.010 60.0 2.03 

Northridge-01 1994 
Sylmar - Olive View 

Med FF 
6.69 

1086.090.acc 0.020 40.0 5.93 
Chuetsu-oki 2007 

Joetsu Kakizakiku 
Kakizaki 

6.80 
4847.65010EW.acc 0.010 60.0 4.47 

1086.360.acc 0.020 40.0 8.27 4847.65010NS.acc 0.010 60.0 2.85 

Northridge-01 1994 Topanga - Fire Sta 6.69 
1089.270.acc 0.005 28.7 2.36 

Chuetsu-oki 2007 Joetsu Ogataku 6.80 
4848.65011EW.acc 0.010 60.0 1.85 

1089.360.acc 0.005 28.7 1.89 4848.65011NS.acc 0.010 60.0 1.83 

Kobe, Japan 1995 Nishi-Akashi 6.90 
1111.000.acc 0.010 41.0 4.70 

Chuetsu-oki 2007 Yoshikawaku Joetsu City 6.80 
4850.65013EW.acc 0.010 60.0 4.44 

1111.090.acc 0.010 41.0 2.91 4850.65013NS.acc 0.010 60.0 3.08 

Kozani, Greece-04 1995 Karpero 5.10 
1135.EW.acc 0.005 23.1 1.32 

Chuetsu-oki 2007 Joetsu, Aramaki District 6.80 
4852.65018EW.acc 0.010 60.0 2.49 

1135.NS.acc 0.005 23.1 1.75 4852.65018NS.acc 0.010 60.0 1.74 

Chi-Chi, Taiwan 1999 CHY006 7.62 
1182.006-N.acc 0.004 150.0 3.52 

Chuetsu-oki 2007 Tokamachi Chitosecho 6.80 
4858.65028EW.acc 0.010 60.0 2.46 

1182.006-W.acc 0.004 150.0 2.95 4858.65028NS.acc 0.010 60.0 1.97 

Chi-Chi, Taiwan 1999 CHY024 7.62 
1193.024-E.acc 0.005 90.0 1.63 

Chuetsu-oki 2007 Nagaoka 6.80 
4863.65036EW.acc 0.010 60.0 2.44 

1193.024-N.acc 0.005 90.0 1.62 4863.65036NS.acc 0.010 60.0 1.89 

Chi-Chi, Taiwan 1999 CHY028 7.62 
1197.028-E.acc 0.005 90.0 1.99 

Chuetsu-oki 2007 
Yoitamachi Yoita 

Nagaoka 
6.80 

4864.65037EW.acc 0.010 60.0 3.13 

1197.028-N.acc 0.005 90.0 2.89 4864.65037NS.acc 0.010 60.0 2.79 

Chi-Chi, Taiwan 1999 CHY029 7.62 
1198.029-E.acc 0.005 90.0 1.68 

Chuetsu-oki 2007 Tani Kozima Nagaoka 6.80 
4865.65038EW.acc 0.010 60.0 1.88 

1198.029-N.acc 0.005 90.0 2.24 4865.65038NS.acc 0.010 60.0 2.10 

Chi-Chi, Taiwan 1999 CHY034 7.62 
1201.034-N.acc 0.004 197.0 2.03 

Chuetsu-oki 2007 
Teradomari Uedamachi 

Nagaoka 
6.80 

4867.65040EW.acc 0.010 60.0 3.97 

1201.034-W.acc 0.004 197.0 2.44 4867.65040NS.acc 0.010 60.0 3.20 

Chi-Chi, Taiwan 1999 CHY035 7.62 
1202.035-E.acc 0.005 90.0 2.43 

Chuetsu-oki 2007 
Yamakoshi Takezawa 

Nagaoka 
6.80 

4868.65041EW.acc 0.010 60.0 1.81 

1202.035-N.acc 0.005 90.0 2.45 4868.65041NS.acc 0.010 60.0 3.50 

Chi-Chi, Taiwan 1999 CHY041 7.62 
1205.041-E.acc 0.005 90.0 2.97 

Chuetsu-oki 2007 
Kashiwazaki City 
Takayanagicho 

6.80 
4873.65056EW.acc 0.010 60.0 2.47 

1205.041-N.acc 0.005 90.0 3.03 4873.65056NS.acc 0.010 60.0 7.13 

Chi-Chi, Taiwan 1999 CHY080 7.62 
1231.080-E.acc 0.005 90.0 7.94 

Chuetsu-oki 2007 Oguni Nagaoka 6.80 
4874.65057EW.acc 0.010 60.0 4.04 

1231.080-N.acc 0.005 90.0 8.44 4874.65057NS.acc 0.010 60.0 3.50 

Chi-Chi, Taiwan 1999 ILA067 7.62 
1350.067-E.acc 0.005 90.0 1.95 

Chuetsu-oki 2007 
Kashiwazaki 

Nishiyamacho Ikeura 
6.80 

4876.65059EW.acc 0.010 60.0 8.78 

1350.067-N.acc 0.005 90.0 1.69 4876.65059NS.acc 0.010 60.0 8.36 

Chi-Chi, Taiwan 1999 NST 7.62 
1402.E.acc 0.005 60.0 3.06 

Chuetsu-oki 2007 Ojiya City 6.80 
4882.65321EW.acc 0.010 120.0 2.62 

1402.N.acc 0.005 60.0 0.90 4882.65321NS.acc 0.010 120.0 2.61 

Chi-Chi, Taiwan 1999 TCU034 7.62 
1479.034-E.acc 0.005 90.0 2.48 

Chuetsu-oki 2007 Iizuna Mure 6.80 
4890.70025EW.acc 0.010 60.0 2.35 

1479.034-N.acc 0.005 90.0 0.95 4890.70025NS.acc 0.010 60.0 1.91 

Chi-Chi, Taiwan 1999 TCU042 7.62 
1484.042-E.acc 0.005 90.0 1.51 

Chuetsu-oki 2007 Iizuna Imokawa 6.80 
4891.70026EW.acc 0.010 60.0 3.01 

1484.042-N.acc 0.005 90.0 1.77 4891.70026NS.acc 0.010 60.0 2.32 

Chi-Chi, Taiwan 1999 TCU045 7.62 
1485.045-E.acc 0.005 90.0 3.87 

Chuetsu-oki 2007 Toyotsu Nakano 6.80 
4893.70031EW.acc 0.010 60.0 1.45 

1485.045-N.acc 0.005 90.0 4.97 4893.70031NS.acc 0.010 60.0 2.84 

Chi-Chi, Taiwan 1999 TCU047 7.62 
1487.047-E.acc 0.005 90.0 2.71 

Chuetsu-oki 2007 NGN002 6.80 
5194.002EW.acc 0.010 158.0 1.11 

1487.047-N.acc 0.005 90.0 3.55 5194.002NS.acc 0.010 158.0 2.27 

Chi-Chi, Taiwan 1999 TCU049 7.62 
1489.049-E.acc 0.005 90.0 1.89 

Chuetsu-oki 2007 NIG016 6.80 
5262.016EW.acc 0.010 295.0 3.58 

1489.049-N.acc 0.005 90.0 1.17 5262.016NS.acc 0.010 295.0 2.27 

Chi-Chi, Taiwan 1999 TCU052 7.62 
1492.052-E.acc 0.005 90.0 3.51 

Chuetsu-oki 2007 NIG019 6.80 
5265.019EW.acc 0.010 300.0 4.55 

1492.052-N.acc 0.005 90.0 4.38 5265.019NS.acc 0.010 300.0 2.96 

Chi-Chi, Taiwan 1999 TCU067 7.62 
1504.067-E.acc 0.005 90.0 3.56 

Chuetsu-oki 2007 NIG021 6.80 
5267.021EW.acc 0.010 294.0 2.76 

1504.067-N.acc 0.005 90.0 3.13 5267.021NS.acc 0.010 294.0 2.13 

Chi-Chi, Taiwan 1999 TCU068 7.62 
1505.068-E.acc 0.005 90.0 5.02 

Chuetsu-oki 2007 NIGH13 6.80 
5286.13EW.acc 0.005 300.0 0.99 

1505.068-N.acc 0.005 90.0 1.91 5286.13NS.acc 0.005 300.0 2.70 

Chi-Chi, Taiwan 1999 TCU071 7.62 
1507.071-E.acc 0.005 90.0 4.43 

Iwate 2008 AKT023 6.90 
5478.023EW.acc 0.010 300.0 1.81 

1507.071-N.acc 0.005 90.0 3.90 5478.023NS.acc 0.010 300.0 3.58 

Chi-Chi, Taiwan 1999 TCU072 7.62 
1508.072-E.acc 0.005 90.0 4.68 

Iwate 2008 AKTH04 6.90 
5482.04EW.acc 0.010 300.0 6.17 

1508.072-N.acc 0.005 90.0 2.21 5482.04NS.acc 0.010 300.0 13.18 

Chi-Chi, Taiwan 1999 TCU074 7.62 
1509.074-E.acc 0.005 90.0 5.85 

Iwate 2008 IWT009 6.90 
5617.009EW.acc 0.010 259.0 1.56 

1509.074-N.acc 0.005 90.0 3.72 5617.009NS.acc 0.010 259.0 2.37 

Chi-Chi, Taiwan 1999 TCU075 7.62 
1510.075-E.acc 0.005 90.0 1.01 

Iwate 2008 IWT015 6.90 
5623.015EW.acc 0.010 177.0 2.39 

1510.075-N.acc 0.005 90.0 2.58 5623.015NS.acc 0.010 177.0 1.96 

Chi-Chi, Taiwan 1999 TCU076 7.62 
1511.076-E.acc 0.005 90.0 2.78 

Iwate 2008 IWTH05 6.90 
5637.05EW.acc 0.010 231.0 0.77 

1511.076-N.acc 0.005 90.0 4.20 5637.05NS.acc 0.010 231.0 2.05 

Chi-Chi, Taiwan 1999 TCU078 7.62 
1512.078-E.acc 0.005 90.0 3.96 

Iwate 2008 IWTH24 6.90 
5656.24EW.acc 0.010 300.0 3.46 

1512.078-N.acc 0.005 90.0 1.39 5656.24NS.acc 0.010 300.0 3.57 

Chi-Chi, Taiwan 1999 TCU079 7.62 
1513.079-E.acc 0.005 90.0 2.67 

Iwate 2008 IWTH25 6.90 
5657.25EW.acc 0.010 300.0 14.07 

1513.079-N.acc 0.005 90.0 2.87 5657.25NS.acc 0.010 300.0 11.30 

Chi-Chi, Taiwan 1999 TCU084 7.62 
1517.084-E.acc 0.005 90.0 2.90 

Iwate 2008 IWTH26 6.90 
5658.26EW.acc 0.010 300.0 10.49 

1517.084-N.acc 0.005 90.0 2.10 5658.26NS.acc 0.010 300.0 4.89 

Chi-Chi, Taiwan 1999 TCU088 7.62 
1520.088-E.acc 0.005 80.0 5.09 

Iwate 2008 IWTH27 6.90 
5659.27EW.acc 0.010 243.0 2.32 

1520.088-N.acc 0.005 80.0 5.17 5659.27NS.acc 0.010 243.0 1.46 

Chi-Chi, Taiwan 1999 TCU089 7.62 
1521.089-E.acc 0.005 90.0 2.86 

Iwate 2008 MYG002 6.90 
5661.002EW.acc 0.010 300.0 0.99 

1521.089-N.acc 0.005 90.0 1.01 5661.002NS.acc 0.010 300.0 2.57 

Chi-Chi, Taiwan 1999 TCU095 7.62 
1524.095-E.acc 0.005 90.0 3.48 

Iwate 2008 MYG003 6.90 
5662.003EW.acc 0.010 245.0 2.22 

1524.095-N.acc 0.005 90.0 6.86 5662.003NS.acc 0.010 245.0 1.79 

Chi-Chi, Taiwan 1999 TCU101 7.62 
1528.101-E.acc 0.005 49.0 2.08 

Iwate 2008 MYG004 6.90 
5663.004EW.acc 0.010 300.0 4.93 

1528.101-N.acc 0.005 49.0 2.54 5663.004NS.acc 0.010 300.0 6.13 

Chi-Chi, Taiwan 1999 TCU102 7.62 
1529.102-E.acc 0.005 90.0 2.58 

Iwate 2008 MYG005 6.90 
5664.005EW.acc 0.010 300.0 3.85 

1529.102-N.acc 0.005 90.0 1.69 5664.005NS.acc 0.010 300.0 3.66 

Chi-Chi, Taiwan 1999 TCU120 7.62 
1545.120-E.acc 0.005 90.0 1.05 

Iwate 2008 MYGH02 6.90 
5678.02EW.acc 0.010 300.0 2.28 

1545.120-N.acc 0.005 90.0 1.94 5678.02NS.acc 0.010 300.0 2.28 

Chi-Chi, Taiwan 1999 TCU122 7.62 
1546.122-E.acc 0.005 90.0 1.22 

Iwate 2008 Miyagi Great Village 6.90 
5773.54007EW.acc 0.010 60.0 2.14 

1546.122-N.acc 0.005 90.0 1.30 5773.54007NS.acc 0.010 60.0 1.68 

Chi-Chi, Taiwan 1999 TCU129 7.62 
1549.129-E.acc 0.005 90.0 4.67 

Iwate 2008 Tamati Ono 6.90 
5775.54009EW.acc 0.010 60.0 2.41 

1549.129-N.acc 0.005 90.0 2.95 5775.54009NS.acc 0.010 60.0 2.80 

Chi-Chi, Taiwan 1999 TCU138 7.62 
1551.138-N.acc 0.004 150.0 1.83 

Iwate 2008 Matsuyama City 6.90 
5778.54012EW.acc 0.010 60.0 2.01 

1551.138-W.acc 0.004 150.0 2.02 5778.54012NS.acc 0.010 60.0 1.74 

Duzce, Turkey 1999 Lamont 375 7.14 
1617.375-E.acc 0.010 41.5 5.04 

Iwate 2008 
Yamauchi Tsuchibuchi 

Yokote 
6.90 

5804.55446EW.acc 0.010 60.0 1.86 

1617.375-N.acc 0.010 41.5 3.24 5804.55446NS.acc 0.010 60.0 2.87 

Stone Canyon 1972 Melendy Ranch 4.81 
1623.061.acc 0.020 23.7 3.67 

Iwate 2008 Yuzama Yokobori 6.90 
5807.55462EW.acc 0.010 60.0 3.49 

1623.331.acc 0.020 23.7 1.64 5807.55462NS.acc 0.010 60.0 3.01 

Stone Canyon 1972 
Stone Canyon 
Geophys Obs 

4.81 
1624.087.acc 0.020 23.4 1.16 

Iwate 2008 Minase Yuzawa 6.90 
5809.55465EW.acc 0.010 60.0 2.11 

1624.177.acc 0.020 23.4 1.52 5809.55465NS.acc 0.010 60.0 2.39 

Upland 1990 

Rancho Cucamonga - 
Law and Justince 

Center FF, Foothill and 
Haven 

5.63 

1632.090.acc 0.020 40.0 2.29 

Iwate 2008 
Mizusawaku Interior O 

ganecho 
6.90 

5813.71EW.acc 0.010 120.0 2.52 

1632.360.acc 0.020 40.0 2.19 5813.71NS.acc 0.010 120.0 3.54 

Manjil, Iran 1990 Abbar 7.37 
1633.L.acc 0.020 53.5 5.05 

Iwate 2008 Kurihara City 6.90 
5818.61EW.acc 0.010 120.0 6.89 

1633.T.acc 0.020 46.0 3.59 5818.61NS.acc 0.010 120.0 3.64 

Sierra Madre 1991 
Altadena - Eaton 

Canyon 
5.61 

1641.000.acc 0.020 40.0 3.34 
Iwate 2008 Ichinoseki Maikawa 6.90 

5819.71EW.acc 0.010 120.0 3.32 

1641.090.acc 0.020 40.0 1.76 5819.71NS.acc 0.010 120.0 3.61 

Sierra Madre 1991 
Cogswell Dam - Right 

Abutment 
5.61 

1642.065.acc 0.020 40.0 2.59 
Iwate 2008 Okura, Aobaku, Sendai 6.90 

5820.1EW.acc 0.010 120.0 2.23 

1642.155.acc 0.020 40.0 2.91 5820.1NS.acc 0.010 120.0 1.41 

Sierra Madre 1991 
Mt Wilson - CIT Seis 

Sta 
5.61 

1645.000.acc 0.020 40.0 2.71 
Joshua Tree, CA 1992 Whitewater Trout Farm 6.10 

6876.5072180.acc 0.005 28.5 2.11 

1645.090.acc 0.020 40.0 1.96 6876.5072270.acc 0.005 28.5 1.90 

Northridge-06 1994 
Jensen Filter Plant 

Administrative 
Building 

5.28 
1703.022.acc 0.010 40.8 2.08 

Darfield, New Zealand 2010 
Heathcote Valley Primary 

School 
7.00 

6915.26W.acc 0.005 138.6 5.66 

1703.292.acc 0.010 40.8 1.47 6915.64E.acc 0.005 138.6 2.81 

Northridge-06 1994 
Jensen Filter Plant 
Generator Building 

5.28 
1704.022.acc 0.010 40.8 1.54 

Darfield, New Zealand 2010 LPCC 7.00 
6928.80E.acc 0.005 53.6 2.09 

1704.292.acc 0.010 40.8 1.93 6928.10E.acc 0.005 53.6 2.53 

Northridge-06 1994 Sun Valley - Sunland 5.28 
1734.230.acc 0.010 7.7 3.25 Christchurch, New 

Zealand 
2011 

Heathcote Valley Primary 
School 

6.20 
8157.26W.acc 0.005 27.0 12.85 

1734.320.acc 0.010 7.7 2.70 8157.64E.acc 0.005 27.0 6.27 
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Hector Mine 1999 Hector 7.13 
1787.000.acc 0.010 45.3 2.60 Christchurch, New 

Zealand 
2011 LPCC 6.20 

8158.10W.acc 0.005 24.0 4.98 

1787.090.acc 0.010 45.3 3.22 8158.80W.acc 0.005 24.0 9.31 

Anza-02 2001 
La Quinta - Bermudas 

& Durango 
4.92 

1948.090.acc 0.010 56.0 1.15 
Duzce, Turkey 1999 IRIGM 487 7.14 

8164.487-EW.acc 0.004 55.0 2.77 

1948.360.acc 0.010 56.0 2.29 8164.487-NS.acc 0.004 55.0 2.98 

Gilroy 2002 Gilroy - Gavilan Coll. 4.90 
2019.067.acc 0.010 45.0 1.48 

Duzce, Turkey 1999 IRIGM 498 7.14 
8166.498-EW.acc 0.004 35.0 2.18 

2019.337.acc 0.010 45.0 2.43 8166.498-NS.acc 0.004 35.0 3.89 

Chi-Chi, Taiwan-02 1999 TCU079 5.90 
2391.079E.acc 0.005 53.0 3.54 

Parkfield-02, CA 2004 Hog Canyon 6.00 
8486.NE.acc 0.010 138.0 2.71 

2391.079N.acc 0.005 53.0 1.51 8486.NN.acc 0.010 138.0 2.54 

Chi-Chi, Taiwan-03 1999 CHY080 6.20 
2495.080E.acc 0.005 75.0 4.65 

14383980 2008 Lake Mathews Dike Toe 5.39 
8968.707090.acc 0.005 73.0 2.36 

2495.080N.acc 0.005 75.0 1.05 8968.707360.acc 0.005 73.0 1.52 

Chi-Chi, Taiwan-03 1999 TCU071 6.20 
2622.071E.acc 0.005 56.2 1.89 

10275733 2007 Lake Mathews Dike Toe 4.73 
11561.707090.acc 0.005 54.0 4.17 

2622.071N.acc 0.005 56.2 3.43 11561.707360.acc 0.005 54.0 2.47 

Chi-Chi, Taiwan-03 1999 TCU076 6.20 
2627.076E.acc 0.005 81.2 3.53 

40199209 2007 Oakland - Hwys 13 & 24 4.20 
12261.58295090.acc 0.005 64.0 2.45 

2627.076N.acc 0.005 81.2 0.60 12261.58295360.acc 0.005 64.0 3.63 
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Table A1. 3. Summary of 
2

1 and
2

2 for spectrum shape type 1 and 2, respectively 

# 
EGM 

Code 

2

1  
2

2  t01 t98 # 
EGM 

Code 

2

1  
2

2  t01 t98 # 
EGM 

Code 

2

1  
2

2  t01 t98 

1 33.205.acc 194 36 2.49 9.6 111 564.NS.acc 43 59 2.1 11 221 1111.000.acc 111 156 4.85 18 

2 33.295.acc 195 30 2.12 13 112 564.WE.acc 100 67 2.1 12 222 1111.090.acc 70 67 4.81 20 

3 57.021.acc 154 18 1.03 24 113 566.NS.acc 174 22 1.3 5.9 223 1135.EW.acc 98 60 3.29 13 

4 57.291.acc 49 50 1.04 26 114 566.WE.acc 130 37 1.3 4.7 224 1135.NS.acc 184 12 2.86 11 

5 71.12021.acc 292 37 0.85 15 115 568.090.acc 48 45 0.9 6.8 225 1182.006-N.acc 55 217 27.1 72 

6 71.12291.acc 302 63 0.47 15 116 568.180.acc 55 266 0.8 5.4 226 1182.006-W.acc 57 311 26.7 64 

7 125.000.acc 119 18 2.41 10 117 569.180.acc 39 165 1.5 9.7 227 1193.024-E.acc 29 143 26.2 60 

8 125.270.acc 72 148 3.59 10 118 569.270.acc 58 213 1.5 8.7 228 1193.024-N.acc 124 349 26.3 63 

9 132.000.acc 272 29 2.21 11 119 585.161.acc 277 47 1.6 7.1 229 1197.028-E.acc 28 156 28.4 57 

10 132.270.acc 223 30 2.35 11 120 585.251.acc 124 22 1.9 10 230 1197.028-N.acc 21 110 29.6 51 

11 134.L.acc 390 71 0.28 1.6 121 587.083.acc 78 42 7 18 231 1198.029-E.acc 37 125 28.1 70 

12 134.T.acc 306 38 0.26 2.4 122 587.353.acc 78 139 6.7 25 232 1198.029-N.acc 60 287 29.1 69 

13 139.L1.acc 130 29 1.82 18 123 589.180.acc 90 47 2.3 11 233 1201.034-N.acc 166 432 27.5 68 

14 139.T1.acc 103 39 1.76 18 124 589.270.acc 197 14 2.3 11 234 1201.034-W.acc 125 463 27.1 72 

15 144.L.acc 248 42 0.63 4.6 125 590.000.acc 193 15 2.4 12 235 1202.035-E.acc 166 527 27.9 66 

16 144.T.acc 268 27 0.71 5.9 126 590.090.acc 226 12 2 16 236 1202.035-N.acc 83 373 27.7 64 

17 145.160.acc 95 54 1.5 14 127 592.009.acc 154 70 2.6 10 237 1205.041-E.acc 70 67 28.5 69 

18 145.250.acc 110 74 1.45 11 128 592.279.acc 240 20 2.7 19 238 1205.041-N.acc 150 87 29.7 62 

19 150.06230.acc 58 81 1.53 8.7 129 600.040.acc 265 33 1.6 17 239 1231.080-E.acc 100 348 27 57 

20 150.06320.acc 165 94 1.22 8.1 130 600.130.acc 257 27 1.8 16 240 1231.080-N.acc 60 199 28.5 58 

21 221.270.acc 270 31 1.94 7.5 131 619.060.acc 207 23 1.4 12 241 1350.067-E.acc 68 58 31.3 56 

22 221.360.acc 164 33 1.93 10 132 619.330.acc 206 12 1.2 9.7 242 1350.067-N.acc 82 75 30.7 55 

23 222.265.acc 245 37 2.36 11 133 620.177.acc 185 21 2.1 13 243 1402.E.acc 176 6.4 17 34 

24 222.355.acc 215 36 2.61 8 134 620.267.acc 185 12 2.6 16 244 1402.N.acc 135 23 16.9 32 

25 230.090.acc 112 23 1.3 13 135 683.000.acc 195 22 2.4 12 245 1479.034-E.acc 77 165 31.5 60 

26 230.180.acc 190 11 1.29 12 136 683.090.acc 258 24 1.1 14 246 1479.034-N.acc 270 733 29.5 66 

27 231.000.acc 180 25 1.99 17 137 690.180.acc 71 213 2.2 11 247 1484.042-E.acc 40 71 33.1 60 

28 231.090.acc 130 44 2.32 16 138 690.270.acc 198 15 2.3 14 248 1484.042-N.acc 31 108 31.6 64 

29 236.090.acc 68 31 1.7 12 139 694.2092.acc 151 20 4.3 20 249 1485.045-E.acc 96 70 34.3 52 

30 236.180.acc 142 36 1.58 14 140 694.2182.acc 138 39 4.2 20 250 1485.045-N.acc 90 37 33.5 50 

31 239.000.acc 249 36 1.97 13 141 708.000.acc 293 33 2 7.3 251 1487.047-E.acc 83 262 33.7 58 

32 239.090.acc 191 30 1.65 16 142 708.090.acc 285 38 2.1 8.4 252 1487.047-N.acc 61 39 34 55 

33 240.090.acc 275 27 1.06 8.6 143 727.045.acc 181 17 2.2 17 253 1489.049-E.acc 44 56 28.5 56 

34 240.180.acc 287 31 1.21 7.4 144 727.135.acc 131 21 2.3 17 254 1489.049-N.acc 20 117 27.7 56 

35 243.000.acc 165 28 1.37 9.3 145 739.250.acc 50 70 3.7 18 255 1492.052-E.acc 367 718 27.9 55 

36 243.090.acc 148 23 1.31 12 146 739.340.acc 60 93 3.7 18 256 1492.052-N.acc 262 573 28 52 

37 248.090.acc 157 12 2.14 15 147 741.000.acc 69 252 8.2 21 257 1504.067-E.acc 54 186 25.5 54 

38 248.180.acc 226 39 1.6 11 148 741.090.acc 79 77 7.8 21 258 1504.067-N.acc 68 367 25.2 54 

39 249.000.acc 276 65 2.28 8.9 149 753.000.acc 91 55 2.2 15 259 1505.068-E.acc 51 265 31.3 52 

40 249.090.acc 179 15 3.31 10 150 753.090.acc 57 147 2.1 14 260 1505.068-N.acc 133 365 31.9 53 

41 250.000.acc 268 55 2.64 13 151 755.195.acc 25 120 3 25 261 1507.071-E.acc 38 99 23.8 52 

42 250.090.acc 47 60 2.66 12 152 755.285.acc 84 65 3.3 20 262 1507.071-N.acc 127 39 23.4 50 

43 256.000.acc 365 62 0.58 3.6 153 763.067.acc 114 30 2.2 12 263 1508.072-E.acc 45 239 25.4 51 

44 256.270.acc 290 39 0.73 6 154 763.337.acc 157 24 2.6 12 264 1508.072-N.acc 49 287 24.9 54 

45 258.180.acc 327 54 1 7.7 155 779.000.acc 104 457 6.1 18 265 1509.074-E.acc 67 305 28.5 53 

46 258.270.acc 243 18 1.05 7.3 156 779.090.acc 60 61 5.7 18 266 1509.074-N.acc 56 306 25.5 57 

47 259.000.acc 321 41 1.29 5.3 157 787.270.acc 53 282 5.1 25 267 1510.075-E.acc 60 138 23.8 58 

48 259.090.acc 98 15 1.35 9.4 158 787.360.acc 27 112 6 25 268 1510.075-N.acc 64 58 24.2 62 

49 264.000.acc 448 102 1.04 3.4 159 801.225.acc 104 31 6.1 21 269 1511.076-E.acc 67 53 23.2 57 

50 264.270.acc 380 67 1.14 28 160 801.315.acc 66 38 5.9 22 270 1511.076-N.acc 34 119 24.8 59 

51 265.045.acc 128 28 2.16 15 161 802.000.acc 103 40 4.1 19 271 1512.078-E.acc 50 98 23.6 53 

52 265.315.acc 265 57 2.26 16 162 802.090.acc 82 40 4.2 18 272 1512.078-N.acc 57 103 23.6 55 

53 288.000.acc 178 22 4.95 25 163 809.2000.acc 276 29 4.1 17 273 1513.079-E.acc 21 124 24.3 53 

54 288.270.acc 149 14 4.44 26 164 809.2090.acc 257 27 4.1 16 274 1513.079-N.acc 34 77 24.3 59 

55 292.000.acc 44 145 3.02 26 165 810.000.acc 205 23 2.9 17 275 1517.084-E.acc 119 382 26.9 50 

56 292.270.acc 81 104 3.61 26 166 810.090.acc 265 30 3.3 17 276 1517.084-N.acc 32 161 24.6 59 

57 313.L.acc 19 123 3.31 25 167 811.000.acc 89 90 3.8 17 277 1520.088-E.acc 338 59 31.3 57 

58 313.T.acc 70 40 3.06 22 168 811.090.acc 167 16 4.3 19 278 1520.088-N.acc 289 58 30.8 52 

59 371.000.acc 271 27 2 4.5 169 825.000.acc 199 12 1.8 19 279 1521.089-E.acc 43 59 22.9 51 

60 371.090.acc 255 28 2.15 5 170 825.090.acc 300 55 1 19 280 1521.089-N.acc 53 91 22.8 54 

61 372.270.acc 344 50 1.17 5 171 828.000.acc 85 89 2.7 21 281 1524.095-E.acc 74 73 34.2 58 

62 372.360.acc 338 48 1.57 4 172 828.090.acc 43 165 2.3 21 282 1524.095-N.acc 191 38 33.7 52 

63 373.270.acc 341 59 1.16 4.6 173 864.000.acc 41 204 3.2 38 283 1528.101-E.acc 16 146 7.13 35 

64 373.360.acc 321 47 1.18 5.9 174 864.090.acc 68 276 2.9 34 284 1528.101-N.acc 40 104 6.73 34 

65 379.270.acc 327 46 0.65 5.8 175 901.270.acc 231 36 3.8 17 285 1529.102-E.acc 186 487 28.4 56 

66 379.360.acc 406 82 2.13 4.9 176 901.360.acc 228 45 3.8 17 286 1529.102-N.acc 700 1239 27 56 

67 380.000.acc 366 57 1.86 5.6 177 952.2035.acc 162 12 1.8 13 287 1545.120-E.acc 98 321 24.6 65 

68 380.090.acc 347 50 1.78 5.2 178 952.2125.acc 150 31 2 14 288 1545.120-N.acc 38 113 24.3 67 

69 381.270.acc 336 49 0.53 5.7 179 954.262.acc 193 20 2.4 19 289 1546.122-E.acc 17 106 25.2 61 

70 381.360.acc 369 56 0.64 5.7 180 954.352.acc 201 13 4.3 18 290 1546.122-N.acc 35 132 25.3 62 

71 382.270.acc 329 45 1.22 5 181 963.090.acc 51 48 2.9 20 291 1549.129-E.acc 140 11 21.7 57 

72 382.360.acc 272 24 0.77 5.1 182 963.360.acc 23 155 2.7 19 292 1549.129-N.acc 163 20 21.4 59 

73 384.080.acc 315 38 3.01 11 183 974.177.acc 251 21 4.1 17 293 1551.138-N.acc 151 483 26.1 71 

74 384.350.acc 359 61 4.24 8.7 184 974.267.acc 229 22 4.1 21 294 1551.138-W.acc 20 165 24.6 67 

75 394.270.acc 273 32 1.88 7.9 185 982.022.acc 101 340 2.9 20 295 1617.375-E.acc 261 29 11.9 32 

76 394.360.acc 326 45 1.83 8.2 186 982.292.acc 118 404 3 16 296 1617.375-N.acc 264 52 13.9 31 

77 395.270.acc 298 34 1.91 7.8 187 983.022.acc 67 90 2.3 13 297 1623.061.acc 373 58 1.14 5.2 

78 395.360.acc 305 46 1.85 8.4 188 983.292.acc 65 49 2.4 11 298 1623.331.acc 367 62 0.7 5.1 

79 398.270.acc 286 39 1.5 7.1 189 989.070.acc 34 96 2.3 16 299 1624.087.acc 298 37 0.58 8.4 

80 398.360.acc 353 59 1.62 6.3 190 989.160.acc 100 405 2.8 13 300 1624.177.acc 312 39 0.84 8.2 

81 407.270.acc 158 21 1.66 8.8 191 990.090.acc 184 20 11 27 301 1632.090.acc 369 68 1.82 10 

82 407.360.acc 224 41 1.62 11 192 990.180.acc 140 21 11 29 302 1632.360.acc 294 32 2.02 12 

83 409.270.acc 116 28 1.04 13 193 991.053.acc 73 50 3.3 18 303 1633.L.acc 115 23 5.64 42 

84 409.360.acc 149 22 1.4 13 194 991.143.acc 111 32 3.5 18 304 1633.T.acc 71 66 2.36 39 

85 410.270.acc 211 19 1.05 12 195 1004.270.acc 41 102 3 16 305 1641.000.acc 166 61 1.96 4.5 

86 410.360.acc 144 16 1.68 12 196 1004.360.acc 94 28 2.9 14 306 1641.090.acc 194 38 1.08 11 

87 413.270.acc 234 18 1.1 9.7 197 1006.090.acc 106 17 1.9 20 307 1642.065.acc 266 31 0.74 7.4 

88 413.360.acc 172 14 1.19 13 198 1006.360.acc 174 18 2.1 17 308 1642.155.acc 187 11 0.78 5.6 

89 415.270.acc 135 52 1.75 10 199 1012.0180.acc 58 119 7.6 20 309 1645.000.acc 223 20 0.16 4.8 

90 415.360.acc 245 40 1.77 9.9 200 1012.0270.acc 107 20 8.1 20 310 1645.090.acc 248 21 0.08 7.8 

91 448.250.acc 180 38 1.3 14 201 1013.064.acc 38 176 2.3 12 311 1703.022.acc 88 51 2.61 17 

92 448.340.acc 50 175 1.53 12 202 1013.334.acc 21 161 1.7 12 312 1703.292.acc 136 83 2.64 11 

93 451.195.acc 97 34 1.3 8.3 203 1020.12090.acc 238 28 4.8 20 313 1704.022.acc 105 37 2.56 13 

94 451.285.acc 152 37 1.44 8.5 204 1020.12180.acc 293 37 3.8 20 314 1704.292.acc 165 42 2.63 9.5 

95 459.06000.acc 196 43 0.77 11 205 1052.090.acc 31 177 2.7 19 315 1734.230.acc 285 42 2.46 5 

96 459.06090.acc 60 174 1.16 11 206 1052.360.acc 31 112 2.3 16 316 1734.320.acc 311 44 1.79 4.9 
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97 495.1010.acc 335 60 1.42 9.7 207 1055.180.acc 194 76 5.7 16 317 1787.000.acc 64 67 4.19 21 

98 495.1280.acc 323 61 1.36 9.5 208 1055.270.acc 159 39 5.7 17 318 1787.090.acc 61 199 4.21 19 

99 496.2240.acc 301 67 1.07 8.9 209 1070.180.acc 133 56 6.1 25 319 1948.090.acc 265 44 7.55 19 

100 496.2330.acc 156 40 1 8.9 210 1070.270.acc 157 9.3 6.2 25 320 1948.360.acc 340 56 7.71 16 

101 514.180.acc 236 20 2.36 15 211 1078.000.acc 65 64 2.9 14 321 2019.067.acc 376 71 5.61 11 

102 514.270.acc 207 39 2.5 14 212 1078.090.acc 146 26 2.9 14 322 2019.337.acc 473 132 5.48 11 

103 521.045.acc 298 30 0.73 10 213 1080.000.acc 98 51 2.8 12 323 2391.079E.acc 291 35 11.7 19 

104 521.135.acc 162 13 0.77 9.7 214 1080.090.acc 78 159 2.8 13 324 2391.079N.acc 316 53 11.5 21 

105 527.045.acc 101 346 1.81 13 215 1085.011.acc 56 57 3 14 325 2495.080E.acc 161 337 25 30 

106 527.135.acc 178 435 1.83 11 216 1085.281.acc 53 165 2.4 15 326 2495.080N.acc 96 294 23.7 39 

107 534.08000.acc 228 19 2.42 19 217 1086.090.acc 45 98 2.8 14 327 2622.071E.acc 194 24 18.4 31 

108 534.08090.acc 211 24 2.57 19 218 1086.360.acc 40 123 2.9 11 328 2622.071N.acc 351 63 19.4 28 

109 540.180.acc 116 38 1.59 12 219 1089.270.acc 183 24 1.4 15 329 2627.076E.acc 56 89 21.8 33 

110 540.270.acc 182 21 1.36 9.3 220 1089.360.acc 214 34 1.1 15 330 2627.076N.acc 41 89 21.2 36 

331 2628.078E.acc 54 89 23.8 30 441 4132.090.acc 171 9 2.4 12 551 4850.65013EW.acc 44 132 17.3 38 

332 2628.078N.acc 133 43 23.9 31 442 4132.360.acc 103 25 3 12 552 4850.65013NS.acc 27 155 17 38 

333 2629.079E.acc 122 18 24.2 32 443 4133.2090.acc 278 45 2.6 9.2 553 4852.65018EW.acc 199 14 20.3 44 

334 2629.079N.acc 193 18 24.1 33 444 4133.2360.acc 262 33 1.3 10 554 4852.65018NS.acc 155 39 21.4 42 

335 2658.129E.acc 260 43 20.3 35 445 4139.02090.acc 128 22 4.4 21 555 4858.65028EW.acc 77 41 17.9 43 

336 2658.129N.acc 257 28 20.2 36 446 4139.02360.acc 68 57 3.8 28 556 4858.65028NS.acc 72 75 17.8 41 

337 2734.074E.acc 29 161 23.8 35 447 4140.03090.acc 160 16 4.3 23 557 4863.65036EW.acc 32 97 20.8 46 

338 2734.074N.acc 59 224 23.9 35 448 4140.03360.acc 89 83 4.3 28 558 4863.65036NS.acc 111 406 21.5 49 

339 2942.024E.acc 227 20 22.7 42 449 4141.05090.acc 114 27 4.2 25 559 4864.65037EW.acc 49 122 22.5 41 

340 2942.024N.acc 298 41 23.4 40 450 4141.05360.acc 105 41 4.1 30 560 4864.65037NS.acc 24 166 22.8 45 

341 3217.129E.acc 344 58 23.9 47 451 4142.06090.acc 84 83 4.3 27 561 4865.65038EW.acc 53 294 21.8 50 

342 3217.129N.acc 314 45 23.1 46 452 4142.06360.acc 108 98 3.9 29 562 4865.65038NS.acc 73 199 21.9 49 

343 3473.078E.acc 43 70 22.9 36 453 4143.07090.acc 115 30 4.1 26 563 4867.65040EW.acc 378 70 20.2 36 

344 3473.078N.acc 104 24 23.2 33 454 4143.07360.acc 159 35 3.6 26 564 4867.65040NS.acc 376 70 20.7 37 

345 3474.079E.acc 115 55 23.3 30 455 4144.08090.acc 126 29 4.8 27 565 4868.65041EW.acc 181 368 16 40 

346 3474.079N.acc 212 34 22.7 30 456 4144.08360.acc 62 103 4.8 31 566 4868.65041NS.acc 163 303 15.6 41 

347 3475.080E.acc 172 47 21.5 30 457 4145.09090.acc 89 132 4.9 29 567 4873.65056EW.acc 164 15 15 37 

348 3475.080N.acc 205 27 21.6 29 458 4145.09360.acc 73 159 4.6 26 568 4873.65056NS.acc 154 29 16.4 28 

349 3507.129E.acc 174 9.3 22.8 40 459 4147.11090.acc 151 31 3.9 24 569 4874.65057EW.acc 80 230 24.9 39 

350 3507.129N.acc 250 27 23.1 43 460 4147.11360.acc 137 77 4.7 25 570 4874.65057NS.acc 98 233 24.6 42 

351 3733.000.acc 328 43 2.31 5.6 461 4148.12090.acc 138 43 4 26 571 4876.65059EW.acc 94 110 19.4 32 

352 3733.090.acc 349 55 2.13 6.8 462 4148.12360.acc 80 86 4 31 572 4876.65059NS.acc 66 150 19.5 34 

353 3746.270.acc 82 169 4.89 20 463 4149.13090.acc 131 26 3.5 32 573 4882.65321EW.acc 184 19 22.5 51 

354 3746.360.acc 43 61 4.43 19 464 4149.13360.acc 63 115 4.5 31 574 4882.65321NS.acc 141 30 22.9 60 

355 3748.270.acc 38 266 4.91 21 465 4169.21EW.acc 219 28 17 40 575 4890.70025EW.acc 120 134 26.3 41 

356 3748.360.acc 119 329 3.1 22 466 4169.21NS.acc 173 12 17 43 576 4890.70025NS.acc 92 217 23.8 40 

357 3750.270.acc 79 87 5.37 25 467 4170.002EW.acc 448 103 19 240 577 4891.70026EW.acc 104 307 22.8 41 

358 3750.360.acc 75 47 4.37 24 468 4170.002NS.acc 444 108 18 240 578 4891.70026NS.acc 153 396 23.5 35 

359 3753.045.acc 85 189 4.53 42 469 4171.003EW.acc 411 86 19 41 579 4893.70031EW.acc 45 102 20.4 43 

360 3753.135.acc 83 111 4.02 42 470 4171.003NS.acc 366 62 19 51 580 4893.70031NS.acc 74 90 21.3 40 

361 3768.115.acc 297 32 7.47 21 471 4209.019EW.acc 59 185 17 164 581 5194.002EW.acc 107 37 25.2 62 

362 3768.205.acc 268 26 7.4 17 472 4209.019NS.acc 67 165 18 235 582 5194.002NS.acc 113 110 24.9 52 

363 3771.000.acc 240 21 1.56 12 473 4211.021EW.acc 232 31 19 32 583 5262.016EW.acc 350 51 19.4 37 

364 3771.270.acc 208 51 1.35 18 474 4211.021NS.acc 335 49 20 27 584 5262.016NS.acc 311 41 19.7 39 

365 3776.2092.acc 395 79 2.26 6.8 475 4213.023EW.acc 126 20 18 39 585 5265.019EW.acc 114 86 19.2 109 

366 3776.2182.acc 176 29 2.61 6.7 476 4213.023NS.acc 128 28 21 34 586 5265.019NS.acc 166 85 19.1 104 

367 3778.000.acc 268 28 2.19 5.3 477 4214.024EW.acc 264 82 21 150 587 5267.021EW.acc 205 39 17.9 48 

368 3778.090.acc 251 23 2.3 5.6 478 4214.024NS.acc 257 55 21 238 588 5267.021NS.acc 177 69 18.1 108 

369 3870.001EW.acc 439 92 18.8 42 479 4218.028EW.acc 91 29 18 28 589 5286.13EW.acc 38 91 23.4 47 

370 3870.001NS.acc 423 90 18.9 45 480 4218.028NS.acc 218 13 18 27 590 5286.13NS.acc 86 164 23.2 40 

371 3871.002EW.acc 463 127 19.1 45 481 4219.01EW.acc 30 108 18 64 591 5478.023EW.acc 103 17 16.8 34 

372 3871.002NS.acc 475 137 18.6 44 482 4219.01NS.acc 78 43 18 104 592 5478.023NS.acc 129 14 17.6 35 

373 3874.005EW.acc 421 85 18.8 44 483 4223.06EW.acc 139 88 20 45 593 5482.04EW.acc 286 40 19.2 30 

374 3874.005NS.acc 429 92 18 46 484 4223.06NS.acc 142 233 20 39 594 5482.04NS.acc 255 33 19.1 35 

375 3884.021EW.acc 424 102 18.8 53 485 4226.09EW.acc 328 57 17 39 595 5617.009EW.acc 476 133 19.9 59 

376 3884.021NS.acc 409 91 19 50 486 4226.09NS.acc 224 24 16 40 596 5617.009NS.acc 458 120 20.4 62 

377 3887.03EW.acc 484 137 18.1 53 487 4228.11EW.acc 101 14 19 36 597 5623.015EW.acc 201 22 18.8 47 

378 3887.03NS.acc 499 150 17.5 48 488 4228.11NS.acc 91 16 18 45 598 5623.015NS.acc 182 18 19 45 

379 3907.004EW.acc 327 54 19.2 40 489 4229.12EW.acc 157 8.3 17 41 599 5637.05EW.acc 316 37 21.7 58 

380 3907.004NS.acc 338 47 17.8 46 490 4229.12NS.acc 188 17 17 34 600 5637.05NS.acc 300 34 23.6 57 

381 3926.08EW.acc 344 59 18.2 52 491 4260.000.acc 419 98 0.7 4 601 5656.24EW.acc 77 44 19.4 56 

382 3926.08NS.acc 395 86 18.1 56 492 4260.090.acc 413 86 0.8 5.8 602 5656.24NS.acc 140 20 19.5 56 

383 3927.09EW.acc 387 91 16.7 57 493 4261.000.acc 237 32 0.7 5.8 603 5657.25EW.acc 191 11 17 35 

384 3927.09NS.acc 261 46 17.1 59 494 4261.090.acc 272 30 0.7 5.3 604 5657.25NS.acc 124 16 16.9 65 

385 3928.10EW.acc 414 98 18.4 53 495 4263.000.acc 423 89 0.7 2.5 605 5658.26EW.acc 213 18 18 36 

386 3928.10NS.acc 429 122 20.8 45 496 4263.090.acc 428 86 0.4 4.1 606 5658.26NS.acc 218 14 17.7 43 

387 3932.14EW.acc 380 92 20.1 44 497 4268.000.acc 217 105 0.7 4.3 607 5659.27EW.acc 437 98 25.8 61 

388 3932.14NS.acc 388 89 18.9 50 498 4268.090.acc 204 19 0.7 5 608 5659.27NS.acc 412 91 27.1 61 

389 3943.015EW.acc 188 13 18 43 499 4339.000.acc 366 60 0.8 6.8 609 5661.002EW.acc 449 112 20.7 60 

390 3943.015NS.acc 46 141 18.3 42 500 4339.270.acc 439 118 0.9 7 610 5661.002NS.acc 479 134 19.1 58 

391 3947.01EW.acc 246 27 16.7 154 501 4352.000.acc 172 27 1.2 9.3 611 5662.003EW.acc 391 75 20.1 50 

392 3947.01NS.acc 226 37 17.2 49 502 4352.270.acc 165 117 1.4 8.4 612 5662.003NS.acc 406 86 19.6 53 

393 3948.02EW.acc 303 36 18.6 61 503 4356.000.acc 458 107 0.6 6.9 613 5663.004EW.acc 184 15 20.8 51 

394 3948.02NS.acc 334 58 19.2 58 504 4356.270.acc 431 95 0.8 8.6 614 5663.004NS.acc 255 43 20.7 44 

395 3956.12EW.acc 493 142 17.8 69 505 4357.000.acc 412 89 5.7 12 615 5664.005EW.acc 195 72 19.3 85 

396 3956.12NS.acc 417 98 19.1 56 506 4357.090.acc 391 72 6 12 616 5664.005NS.acc 178 214 20.4 79 

397 3964.007EW.acc 244 30 18.2 42 507 4367.000.acc 333 51 1.6 8 617 5678.02EW.acc 154 30 19.3 39 

398 3964.007NS.acc 165 28 19 38 508 4367.270.acc 353 64 1.5 8.4 618 5678.02NS.acc 117 15 19.3 38 

399 3966.009EW.acc 198 11 17.6 36 509 4368.000.acc 343 65 3.2 11 619 5773.54007EW.acc 143 6.3 21.1 49 

400 3966.009NS.acc 231 17 17.7 40 510 4368.090.acc 347 58 3.6 10 620 5773.54007NS.acc 189 8.6 20.6 48 

401 4031.36695090.acc 82 19 20.3 36 511 4375.000.acc 495 146 0.5 1.3 621 5775.54009EW.acc 133 26 19.4 45 

402 4031.36695360.acc 127 18 20.5 34 512 4375.270.acc 491 145 0.3 1.8 622 5775.54009NS.acc 175 16 19 47 

403 4040.L.acc 96 101 17.1 32 513 4383.000.acc 344 67 5.4 13 623 5778.54012EW.acc 57 211 26.1 48 

404 4040.T.acc 101 55 16.5 34 514 4383.090.acc 255 22 5.7 12 624 5778.54012NS.acc 42 235 24.4 48 

405 4064.360.acc 276 31 26.5 35 515 4395.180.acc 279 41 3.8 5.8 625 5804.55446EW.acc 207 15 15.1 32 

406 4064.90.acc 228 20 27.2 36 516 4395.270.acc 417 91 3.8 5.6 626 5804.55446NS.acc 191 11 14.1 32 

407 4065.360.acc 150 29 4.35 16 517 4411.000.acc 408 85 5.6 11 627 5807.55462EW.acc 276 40 14.9 33 

408 4065.90.acc 113 30 4.32 16 518 4411.090.acc 379 62 6.7 9.8 628 5807.55462NS.acc 213 28 14.9 35 

409 4068.360.acc 74 50 31.9 50 519 4412.2000.acc 429 91 8.1 13 629 5809.55465EW.acc 99 31 12.3 29 

410 4068.90.acc 54 67 32.5 50 520 4412.2090.acc 360 58 7.9 14 630 5809.55465NS.acc 156 21 12.7 32 

411 4070.021.acc 270 27 5.3 13 521 4451.000.acc 98 285 6.6 32 631 5813.71EW.acc 69 46 14.9 71 

412 4070.111.acc 211 34 5.06 15 522 4451.090.acc 72 356 6.7 31 632 5813.71NS.acc 91 42 15.3 57 

413 4071.360.acc 172 33 5.98 14 523 4455.000.acc 104 111 9.9 30 633 5818.61EW.acc 83 40 14.7 35 

414 4071.90.acc 57 90 5.28 18 524 4455.090.acc 145 13 10 30 634 5818.61NS.acc 81 95 14.2 38 

415 4073.180.acc 367 68 5.18 11 525 4456.000.acc 70 193 5.6 23 635 5819.71EW.acc 456 118 15.5 43 

416 4073.270.acc 399 80 5.26 10 526 4456.090.acc 126 188 4.8 26 636 5819.71NS.acc 422 93 15.6 44 
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# 
EGM 

Code 

2

1  
2

2  t01 t98 # 
EGM 

Code 

2

1  
2

2  t01 t98 # 
EGM 

Code 

2

1  
2

2  t01 t98 

417 4075.360.acc 304 48 3.36 8.2 527 4457.000.acc 49 130 2.3 21 637 5820.1EW.acc 314 44 22.7 52 

418 4075.90.acc 394 80 3.28 8.1 528 4457.090.acc 22 177 2.3 28 638 5820.1NS.acc 344 59 22.5 51 

419 4097.090.acc 133 416 1.65 12 529 4459.000.acc 272 165 0.9 17 639 6876.5072180.acc 135 22 1.95 14 

420 4097.360.acc 96 317 3.11 9.7 530 4459.090.acc 229 60 0.9 21 640 6876.5072270.acc 281 35 1.3 13 

421 4099.2090.acc 265 36 1.6 7.7 531 4480.066XTE.acc 125 20 3.4 13 641 6915.26W.acc 206 30 17 41 

422 4099.2360.acc 315 49 1.44 11 532 4480.066YLN.acc 134 21 3.5 14 642 6915.64E.acc 268 25 16.7 41 

423 4101.3090.acc 192 21 0.89 9 533 4481.030XTE.acc 119 24 3.7 14 643 6928.80E.acc 117 21 15.1 36 

424 4101.3360.acc 314 50 0.4 8.4 534 4481.030YLN.acc 146 30 3.6 14 644 6928.10E.acc 227 27 15.3 35 

425 4103.04090.acc 175 18 2.17 12 535 4482.104XTE.acc 177 28 4.2 14 645 8157.26W.acc 156 17 0.99 9.1 

426 4103.04360.acc 173 27 1.79 11 536 4482.104YLN.acc 137 49 4.1 14 646 8157.64E.acc 166 23 0.89 10 

427 4114.11090.acc 319 44 1.36 9.2 537 4483.043XTE.acc 79 66 3.1 22 647 8158.10W.acc 274 32 5.64 11 

428 4114.11360.acc 391 73 2.16 7.2 538 4483.043YLN.acc 65 53 2.9 20 648 8158.80W.acc 278 30 5.43 11 

429 4119.2090.acc 209 29 1.1 14 539 4508.068XTE.acc 240 15 6.8 13 649 8164.487-EW.acc 109 69 6.17 29 

430 4119.2360.acc 268 47 1.06 13 540 4508.068YLN.acc 299 41 6.5 14 650 8164.487-NS.acc 103 40 5.71 28 

431 4122.3090.acc 344 57 1.86 8.9 541 4842.65005NS.acc 193 17 18 37 651 8166.498-EW.acc 155 13 6.4 26 

432 4122.3360.acc 351 69 1.75 12 542 4842.65005EW.acc 225 19 19 31 652 8166.498-NS.acc 160 17 7.46 23 

433 4123.4090.acc 372 67 1.6 13 543 4845.65008EW.acc 286 39 18 25 653 8486.NE.acc 54 67 29.8 48 

434 4123.4360.acc 417 104 1.63 14 544 4845.65008NS.acc 329 54 18 27 654 8486.NN.acc 74 50 29.3 47 

435 4124.5090.acc 247 26 2 16 545 4846.65009EW.acc 90 48 22 38 655 8968.707090.acc 406 89 10.9 23 

436 4124.5360.acc 259 23 1.84 17 546 4846.65009NS.acc 77 75 22 36 656 8968.707360.acc 382 82 11.6 28 

437 4128.3090.acc 260 39 1.75 13 547 4847.65010EW.acc 52 263 15 39 657 11561.707090.acc 513 170 10.7 14 

438 4128.3360.acc 249 25 1.59 14 548 4847.65010NS.acc 27 151 13 43 658 11561.707360.acc 422 88 10.7 15 

439 4130.1090.acc 55 59 2.41 12 549 4848.65011EW.acc 59 98 15 40 659 12261.58295090.acc 264 23 26.1 28 

440 4130.1360.acc 105 99 2.72 12 550 4848.65011NS.acc 177 24 16 44 660 12261.58295360.acc 284 31 26.4 28 
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2 Appendix 2 

Table A2.1. Summary of tuning results for upgraded structure 1 

EGM ( / )d d equF F 
 

dF  

kN 

max  [m] max

l l

dF   

 

max

r r

dF   

 

/up o   

max

l  
max

r  Left right 

1551 

0.00 0.00 0.96 0.95 0.00 0.00 1.00 1.00 

0.10 129.16 0.69 0.69 89.71 88.94 0.73 0.72 

0.20 258.33 0.54 0.53 138.79 137.37 0.56 0.56 

0.30 387.49 0.50 0.46 192.35 177.24 0.52 0.48 

0.40 516.65 0.50 0.33 256.27 172.20 0.52 0.35 

0.50 645.82 0.52 0.37 336.47 238.31 0.54 0.39 

0.75 968.73 0.47 0.38 458.30 363.95 0.49 0.40 

1.00 1291.63 0.47 0.40 606.40 515.00 0.49 0.42 

1197 

0.00 0.00 0.36 0.37 0.00 0.00 1.00 1.00 

0.10 129.16 0.33 0.34 42.69 43.55 0.92 0.92 

0.20 258.33 0.33 0.33 84.23 85.49 0.90 0.90 

0.30 387.49 0.33 0.34 129.65 131.51 0.93 0.92 

0.40 516.65 0.31 0.36 160.90 185.71 0.86 0.98 

0.50 645.82 0.28 0.41 183.41 262.33 0.79 1.10 

0.75 968.73 0.43 0.50 417.91 480.10 1.19 1.35 

1.00 1291.63 0.38 0.42 487.80 543.44 1.05 1.14 

4457 

0.00 0.00 0.57 0.56 0.00 0.00 1.00 1.00 

0.10 129.16 0.54 0.53 69.17 67.95 0.95 0.95 

0.20 258.33 0.51 0.50 131.73 129.24 0.90 0.90 

0.30 387.49 0.52 0.48 200.84 185.65 0.92 0.86 

0.40 516.65 0.57 0.48 293.64 245.99 1.01 0.86 

0.50 645.82 0.58 0.47 372.12 306.12 1.02 0.85 

0.75 968.73 0.57 0.49 547.43 474.38 1.00 0.88 

1.00 1291.63 0.56 0.49 726.05 630.24 0.99 0.88 

787 

0.00 0.00 0.62 0.62 0.00 0.00 1.00 1.00 

0.10 129.16 0.50 0.49 64.20 63.46 0.81 0.80 

0.20 258.33 0.43 0.42 110.05 108.54 0.69 0.68 

0.30 387.49 0.39 0.36 149.26 141.24 0.63 0.59 

0.40 516.65 0.41 0.32 214.06 166.83 0.67 0.52 

0.50 645.82 0.45 0.36 291.26 234.04 0.73 0.59 

0.75 968.73 0.46 0.39 441.55 380.90 0.74 0.64 

1.00 1291.63 0.45 0.39 577.15 499.36 0.73 0.63 

1052. 

0.00 0.00 0.37 0.37 0.00 0.00 1.00 1.00 

0.10 129.16 0.31 0.32 40.54 41.35 0.85 0.86 

0.20 258.33 0.28 0.28 71.32 72.77 0.75 0.76 

0.30 387.49 0.27 0.27 104.35 106.52 0.73 0.74 

0.40 516.65 0.27 0.27 139.00 138.95 0.73 0.72 

0.50 645.82 0.31 0.31 197.75 201.82 0.83 0.84 

0.75 968.73 0.38 0.31 364.24 300.40 1.02 0.83 

1.00 1291.63 0.29 0.31 370.18 401.96 0.78 0.83 

4863 

0.00 0.00 0.38 0.39 0.00 0.00 1.00 1.00 

0.10 129.16 0.35 0.36 45.74 46.85 0.94 0.94 

0.20 258.33 0.32 0.33 82.26 84.27 0.84 0.84 

0.30 387.49 0.28 0.28 107.10 110.01 0.73 0.73 

0.40 516.65 0.31 0.28 159.44 142.73 0.82 0.71 

0.50 645.82 0.32 0.30 208.21 196.26 0.85 0.78 

0.75 968.73 0.34 0.29 331.30 280.64 0.90 0.75 

1.00 1291.63 0.33 0.33 429.79 430.99 0.88 0.86 

1513. 

0.00 0.00 0.40 0.40 0.00 0.00 1.00 1.00 

0.10 129.16 0.38 0.38 48.95 49.17 0.94 0.95 

0.20 258.33 0.35 0.37 91.50 96.23 0.88 0.93 

0.30 387.49 0.34 0.37 130.93 143.02 0.84 0.92 

0.40 516.65 0.34 0.40 177.83 205.40 0.86 0.99 

0.50 645.82 0.36 0.43 229.72 279.06 0.89 1.08 

0.75 968.73 0.37 0.41 357.65 399.89 0.92 1.03 

1.00 1291.63 0.37 0.42 483.72 544.86 0.93 1.05 

Total 
23.51 22.71 11944.92 11332.22 
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Table A2.2. Summary of tuning results for upgraded structure 2 

EGM ( / )d d equF F 
 

dF  

kN 

max  [m] max

l l

dF   

 

max

r r

dF   

 

/up o   

max

l  max

r  left right 

1551 

0.00 0.00 0.42 0.41 0.00 0.00 1.00 1.00 

0.10 136.84 0.28 0.27 37.93 37.39 0.67 0.67 

0.20 273.69 0.22 0.23 61.11 62.78 0.54 0.56 

0.30 410.53 0.20 0.19 80.09 78.45 0.47 0.47 

0.40 547.37 0.21 0.23 117.14 125.02 0.51 0.56 

0.50 684.22 0.26 0.25 176.39 173.52 0.62 0.62 

0.75 1026.32 0.25 0.28 255.66 290.86 0.60 0.69 

1.00 1368.43 0.28 0.33 381.11 454.87 0.67 0.81 

1197 

0.00 0.00 0.30 0.30 0.00 0.00 1.00 1.00 

0.10 136.84 0.24 0.25 33.47 34.16 0.82 0.82 

0.20 273.69 0.23 0.23 62.76 64.18 0.77 0.77 

0.30 410.53 0.22 0.22 88.55 90.77 0.72 0.73 

0.40 547.37 0.20 0.21 109.36 112.43 0.67 0.67 

0.50 684.22 0.25 0.26 172.56 180.02 0.84 0.86 

0.75 1026.32 0.26 0.26 268.69 268.38 0.88 0.86 

1.00 1368.43 0.29 0.25 393.01 344.71 0.96 0.83 

4457 

0.00 0.00 0.41 0.40 0.00 0.00 1.00 1.00 

0.10 136.84 0.35 0.35 48.37 47.50 0.87 0.87 

0.20 273.69 0.31 0.30 84.32 82.76 0.76 0.76 

0.30 410.53 0.29 0.28 117.49 114.00 0.70 0.70 

0.40 547.37 0.36 0.30 196.07 164.81 0.88 0.75 

0.50 684.22 0.42 0.25 290.11 173.31 1.04 0.63 

0.75 1026.32 0.40 0.31 407.96 322.16 0.98 0.79 

1.00 1368.43 0.40 0.33 545.59 452.27 0.98 0.83 

787 

0.00 0.00 0.27 0.27 0.00 0.00 1.00 1.00 

0.10 136.84 0.24 0.24 33.16 32.46 0.89 0.89 

0.20 273.69 0.24 0.23 64.70 62.95 0.87 0.86 

0.30 410.53 0.24 0.23 97.71 94.96 0.87 0.87 

0.40 547.37 0.24 0.23 132.03 128.19 0.89 0.88 

0.50 684.22 0.33 0.25 224.83 168.18 1.21 0.92 

0.75 1026.32 0.34 0.29 346.28 296.81 1.24 1.08 

1.00 1368.43 0.33 0.28 449.53 380.97 1.21 1.04 

1052 

0.00 0.00 0.26 0.26 0.00 0.00 1.00 1.00 

0.10 136.84 0.21 0.21 28.42 29.22 0.79 0.83 

0.20 273.69 0.20 0.20 54.11 55.70 0.75 0.79 

0.30 410.53 0.19 0.19 76.60 78.94 0.71 0.75 

0.40 547.37 0.21 0.18 116.86 99.18 0.81 0.70 

0.50 684.22 0.25 0.18 170.85 123.43 0.94 0.70 

0.75 1026.32 0.29 0.23 296.20 237.49 1.09 0.90 

1.00 1368.43 0.30 0.24 408.48 330.75 1.13 0.94 

4863 

0.00 0.00 0.27 0.27 0.00 0.00 1.00 1.00 

0.10 136.84 0.24 0.23 32.53 31.47 0.87 0.86 

0.20 273.69 0.25 0.24 68.53 66.26 0.92 0.91 

0.30 410.53 0.25 0.24 102.39 98.98 0.91 0.90 

0.40 547.37 0.28 0.23 154.69 126.06 1.03 0.86 

0.50 684.22 0.29 0.21 199.38 144.16 1.07 0.79 

0.75 1026.32 0.30 0.23 307.90 237.18 1.10 0.87 

1.00 1368.43 0.29 0.24 398.21 322.95 1.06 0.89 

1513 

0.00 0.00 0.26 0.26 0.00 0.00 1.00 1.00 

0.10 136.84 0.24 0.25 33.18 33.91 0.94 0.94 

0.20 273.69 0.26 0.26 70.78 72.09 1.00 1.00 

0.30 410.53 0.25 0.29 102.26 120.45 0.97 1.11 

0.40 547.37 0.28 0.31 153.10 170.83 1.08 1.18 

0.50 684.22 0.29 0.35 195.48 241.94 1.11 1.34 

0.75 1026.32 0.29 0.35 299.48 359.73 1.13 1.33 

1.00 1368.43 0.29 0.34 393.70 469.78 1.12 1.30 

Total 15.49 14.75 8939.12 8289.37   
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Table A2.3. Summary of tuning results for upgraded structure 3 

EGM ( / )d d equF F 
 

dF  

kN 

max  [m] max

l l

dF   

 

max

r r

dF   

 

/up o   

max

l  max

r  Left right 

1551 

0.00 0.00 0.20 0.17 0.00 0.00 1.00 1.00 

0.10 157.34 0.15 0.15 24.18 23.63 0.79 0.87 

0.20 314.67 0.12 0.13 38.83 41.25 0.63 0.76 

0.30 472.01 0.11 0.12 52.06 55.84 0.56 0.69 

0.40 629.35 0.11 0.12 67.28 74.26 0.55 0.69 

0.50 786.69 0.10 0.12 75.58 93.46 0.49 0.69 

0.75 1180.03 0.12 0.15 140.90 177.36 0.61 0.87 

1.00 1573.37 0.12 0.14 189.59 225.46 0.62 0.83 

1197 

0.00 0.00 0.17 0.22 0.00 0.00 1.00 1.00 

0.10 157.34 0.20 0.19 31.11 30.22 1.17 0.85 

0.20 314.67 0.17 0.16 52.99 51.04 1.00 0.72 

0.30 472.01 0.15 0.15 72.50 69.43 0.91 0.65 

0.40 629.35 0.15 0.14 95.09 85.65 0.90 0.61 

0.50 786.69 0.15 0.14 116.74 108.88 0.88 0.62 

0.75 1180.03 0.19 0.16 225.50 186.92 1.13 0.70 

1.00 1573.37 0.19 0.15 296.11 239.62 1.11 0.68 

4457 

0.00 0.00 0.22 0.21 0.00 0.00 1.00 1.00 

0.10 157.34 0.20 0.19 31.97 29.67 0.91 0.89 

0.20 314.67 0.19 0.19 58.72 60.73 0.84 0.91 

0.30 472.01 0.17 0.19 79.86 88.88 0.76 0.89 

0.40 629.35 0.14 0.17 89.93 106.42 0.64 0.80 

0.50 786.69 0.12 0.17 95.19 131.38 0.54 0.79 

0.75 1180.03 0.16 0.18 188.57 211.23 0.72 0.85 

1.00 1573.37 0.16 0.18 244.03 277.86 0.70 0.83 

787 

0.00 0.00 0.16 0.18 0.00 0.00 1.00 1.00 

0.10 157.34 0.14 0.11 22.67 17.07 0.88 0.62 

0.20 314.67 0.10 0.11 32.44 34.52 0.63 0.62 

0.30 472.01 0.10 0.10 48.71 46.04 0.63 0.56 

0.40 629.35 0.12 0.10 74.33 62.56 0.72 0.57 

0.50 786.69 0.12 0.10 97.71 82.29 0.76 0.60 

0.75 1180.03 0.16 0.14 188.69 166.03 0.97 0.80 

1.00 1573.37 0.16 0.14 256.15 218.54 0.99 0.79 

1052 

0.00 0.00 0.23 0.15 0.00 0.00 1.00 1.00 

0.10 157.34 0.17 0.19 26.37 30.11 0.74 1.24 

0.20 314.67 0.16 0.18 50.03 57.74 0.71 1.19 

0.30 472.01 0.18 0.17 83.92 80.95 0.79 1.11 

0.40 629.35 0.17 0.16 104.72 100.82 0.74 1.04 

0.50 786.69 0.16 0.15 126.03 118.08 0.71 0.97 

0.75 1180.03 0.21 0.17 243.79 201.08 0.92 1.10 

1.00 1573.37 0.21 0.17 323.80 261.81 0.91 1.08 

4863 

0.00 0.00 0.18 0.20 0.00 0.00 1.00 1.00 

0.10 157.34 0.14 0.17 21.87 25.99 0.78 0.82 

0.20 314.67 0.12 0.12 38.58 37.01 0.69 0.59 

0.30 472.01 0.10 0.11 47.25 50.08 0.56 0.53 

0.40 629.35 0.10 0.10 61.66 65.45 0.55 0.52 

0.50 786.69 0.09 0.11 72.45 89.84 0.52 0.57 

0.75 1180.03 0.13 0.15 153.64 179.13 0.73 0.76 

1.00 1573.37 0.13 0.15 205.17 240.57 0.73 0.76 

1513 

0.00 0.00 0.12 0.20 0.00 0.00 1.00 1.00 

0.10 157.34 0.13 0.12 21.10 19.16 1.10 0.60 

0.20 314.67 0.11 0.12 33.89 37.32 0.88 0.59 

0.30 472.01 0.10 0.09 47.48 40.26 0.82 0.42 

0.40 629.35 0.08 0.09 49.49 54.81 0.64 0.43 

0.50 786.69 0.10 0.09 75.47 70.79 0.79 0.45 

0.75 1180.03 0.09 0.10 109.99 115.58 0.76 0.49 

1.00 1573.37 0.10 0.11 155.92 166.46 0.81 0.53 

Total 8.12 8.23 5040.08 5039.30   
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Table A2.4. Summary of dynamic analysis results for original structures 1 with low 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.19 1.74 0.004 0.064 159 0.76 

1197 0.12 1.06 0.003 0.004 129 0.47 

4457 0.22 1.97 0.010 0.007 165 0.87 

787 0.13 1.16 0.004 0.004 126 0.51 

1052 0.15 1.38 0.006 0.005 134 0.61 

4863 0.16 1.44 0.002 0.005 138 0.63 

1513 0.12 1.12 0.003 0.004 122 0.49 

MGL 

1551 0.36 3.26 0.014 0.014 240 1.89 

1197 0.18 1.60 0.008 0.006 177 0.92 

4457 0.19 1.71 0.006 0.007 185 0.99 

787 0.31 2.82 0.010 0.011 222 1.63 

1052 0.15 1.38 0.010 0.005 156 0.80 

4863 0.14 1.25 0.008 0.005 156 0.72 

1513 0.19 1.73 0.009 0.007 182 1.00 

HGL 

1551 0.48 4.36 0.047 0.031 258 3.84 

1197 0.20 1.79 0.012 0.007 209 1.57 

4457 0.20 1.81 0.018 0.007 208 1.59 

787 0.33 2.99 0.017 0.013 247 2.63 

1052 0.17 1.54 0.011 0.006 193 1.35 

4863 0.14 1.31 0.011 0.005 186 1.15 

1513 0.15 1.33 0.014 0.005 182 1.17 

MS 

LGL 

1551 0.47 4.23 0.021 0.017 224 1.86 

1197 0.20 1.81 0.003 0.067 171 0.80 

4457 0.35 3.18 0.009 0.012 196 1.40 

787 0.41 3.74 0.033 0.015 224 1.65 

1052 0.27 2.44 0.018 0.009 176 1.07 

4863 0.27 2.50 0.014 0.009 180 1.10 

1513 0.26 2.34 0.007 0.008 197 1.03 

MGL 

1551 0.85 7.76 0.145 0.060 260 4.50 

1197 0.37 3.33 0.012 0.014 247 1.93 

4457 0.41 3.69 0.028 0.016 247 2.14 

787 0.63 5.74 0.040 0.036 259 3.32 

1052 0.26 2.32 0.009 0.009 209 1.34 

4863 0.25 2.25 0.011 0.009 219 1.30 

1513 0.28 2.57 0.016 0.010 246 1.49 

HGL 

1551 0.89 8.09 0.300 0.072 266 7.12 

1197 0.32 2.92 0.015 0.013 257 2.57 

4457 0.43 3.93 0.038 0.024 274 3.45 

787 0.58 5.31 0.095 0.041 297 4.67 

1052 0.35 3.17 0.016 0.014 257 2.79 

4863 0.45 4.12 0.064 0.028 253 3.62 

1513 0.24 2.16 0.014 0.010 261 1.90 

HS 

LGL 

1551 0.96 8.71 0.111 0.051 248 3.83 

1197 0.37 3.34 0.017 0.013 218 1.47 

4457 0.57 5.14 0.061 0.022 228 2.26 

787 0.62 5.62 0.058 0.023 245 2.47 

1052 0.37 3.39 0.040 0.013 195 1.49 

4863 0.39 3.53 0.040 0.014 213 1.55 

1513 0.40 3.65 0.036 0.014 216 1.61 

MGL 

1551 1.25 11.35 0.541 0.098 269 6.57 

1197 0.45 4.12 0.017 0.020 266 2.39 

4457 0.65 5.90 0.052 0.037 276 3.41 

787 0.77 7.03 0.089 0.049 303 4.07 

1052 0.43 3.94 0.017 0.017 247 2.28 

4863 0.55 4.97 0.034 0.029 251 2.87 

1513 0.32 2.90 0.014 0.012 295 1.68 

HGL 

1551 1.37 12.48 0.756 0.119 290 10.98 

1197 0.52 4.74 0.075 0.035 291 4.17 

4457 0.70 6.33 0.231 0.052 296 5.57 

787 0.60 5.50 0.105 0.040 257 4.84 

1052 0.39 3.55 0.035 0.023 279 3.12 

4863 0.56 5.06 0.064 0.034 306 4.45 

1513 0.38 3.47 0.133 0.029 300 3.05 
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Table A2.5. Summary of dynamic analysis results for original structures 1 with moderate 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.19 1.74 0.004 0.006 159 0.76 

1197 0.12 1.06 0.004 0.004 129 0.47 

4457 0.22 1.97 0.010 0.006 165 0.86 

787 0.13 1.16 0.004 0.004 126 0.51 

1052 0.15 1.38 0.005 0.005 134 0.61 

4863 0.16 1.44 0.005 0.005 138 0.63 

1513 0.12 1.12 0.004 0.003 122 0.49 

MGL 

1551 0.36 3.27 0.010 0.014 240 1.90 

1197 0.18 1.60 0.008 0.006 177 0.92 

4457 0.19 1.71 0.007 0.007 184 0.99 

787 0.31 2.82 0.006 0.011 222 1.63 

1052 0.15 1.38 0.008 0.005 156 0.80 

4863 0.14 1.25 0.006 0.005 156 0.72 

1513 0.19 1.73 0.110 0.007 182 1.00 

HGL 

1551 0.47 4.30 0.012 0.024 274 3.79 

1197 0.20 1.79 0.009 0.007 208 1.57 

4457 0.20 1.81 0.017 0.007 208 1.59 

787 0.33 2.99 0.017 0.013 247 2.63 

1052 0.17 1.53 0.011 0.006 193 1.35 

4863 0.14 1.31 0.013 0.005 186 1.15 

1513 0.15 1.32 0.139 0.005 182 1.17 

MS 

LGL 

1551 0.47 4.23 0.019 0.016 224 1.86 

1197 0.20 1.81 0.003 0.007 171 0.80 

4457 0.35 3.18 0.007 0.012 196 1.40 

787 0.41 3.75 0.033 0.015 224 1.65 

1052 0.27 2.44 0.016 0.008 176 1.07 

4863 0.27 2.50 0.014 0.008 180 1.10 

1513 0.26 2.34 0.006 0.008 197 1.03 

MGL 

1551 0.81 7.35 0.031 0.044 273 4.26 

1197 0.37 3.33 0.011 0.014 247 1.93 

4457 0.41 3.69 0.032 0.017 247 2.14 

787 0.63 5.72 0.027 0.032 264 3.31 

1052 0.26 2.32 0.011 0.009 215 1.34 

4863 0.25 2.25 0.085 0.009 219 1.30 

1513 0.28 2.57 0.173 0.010 246 1.49 

HGL 

1551 0.77 7.03 0.115 0.052 286 6.19 

1197 0.32 2.92 0.010 0.013 256 2.57 

4457 0.43 3.92 0.025 0.020 276 3.45 

787 0.61 5.58 0.041 0.037 297 4.91 

1052 0.35 3.16 0.014 0.014 257 2.78 

4863 0.45 4.13 0.025 0.022 268 3.63 

1513 0.26 2.41 0.014 0.010 260 2.12 

HS 

LGL 

1551 0.96 8.71 0.120 0.046 252 3.83 

1197 0.37 3.34 0.018 0.012 218 1.47 

4457 0.57 5.14 0.061 0.022 228 2.26 

787 0.62 5.62 0.054 0.024 245 2.47 

1052 0.37 3.39 0.039 0.015 195 1.49 

4863 0.39 3.53 0.040 0.012 213 1.55 

1513 0.40 3.65 0.036 0.012 216 1.61 

MGL 

1551 1.19 10.84 0.187 0.077 281 6.27 

1197 0.45 4.12 0.017 0.019 267 2.39 

4457 0.65 5.87 0.039 0.032 279 3.40 

787 0.81 7.35 0.035 0.045 303 4.25 

1052 0.43 3.93 0.016 0.017 246 2.28 

4863 0.55 4.97 0.250 0.025 270 2.88 

1513 0.32 2.89 0.152 0.012 295 1.67 

HGL 

1551 1.10 10.03 0.444 0.085 322 8.82 

1197 0.52 4.70 0.030 0.027 294 4.13 

4457 0.68 6.21 0.055 0.041 300 5.47 

787 0.69 6.25 0.032 0.043 319 5.50 

1052 0.39 3.55 0.012 0.018 292 3.12 

4863 0.58 5.24 0.026 0.030 325 4.61 

1513 0.38 3.44 0.004 0.017 322 3.03 
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Table A2.6. Summary of dynamic analysis results for original structures 1 with high 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.19 1.74 0.002 0.006 159 0.76 

1197 0.12 1.06 0.003 0.004 129 0.46 

4457 0.22 1.96 0.010 0.006 165 0.86 

787 0.13 1.16 0.004 0.004 126 0.51 

1052 0.15 1.38 0.006 0.005 134 0.61 

4863 0.16 1.44 0.002 0.005 138 0.63 

1513 0.12 1.12 0.003 0.003 122 0.49 

MGL 

1551 0.36 3.30 0.012 0.014 240 1.91 

1197 0.18 1.60 0.007 0.006 177 0.93 

4457 0.19 1.71 0.008 0.007 184 0.99 

787 0.31 2.83 0.012 0.011 222 1.64 

1052 0.15 1.38 0.008 0.005 156 0.80 

4863 0.14 1.25 0.008 0.005 156 0.72 

1513 0.19 1.73 0.010 0.007 182 1.00 

HGL 

1551 0.47 4.30 0.000 0.022 279 3.78 

1197 0.20 1.78 0.014 0.007 208 1.57 

4457 0.20 1.81 0.016 0.007 207 1.59 

787 0.33 2.99 0.014 0.013 246 2.63 

1052 0.17 1.53 0.014 0.006 192 1.34 

4863 0.14 1.30 0.011 0.005 185 1.15 

1513 0.15 1.32 0.012 0.005 181 1.16 

MS 

LGL 

1551 0.47 4.23 0.022 0.016 224 1.86 

1197 0.20 1.81 0.003 0.007 171 0.80 

4457 0.35 3.18 0.001 0.012 196 1.40 

787 0.41 3.75 0.035 0.015 224 1.65 

1052 0.27 2.44 0.016 0.008 176 1.07 

4863 0.27 2.50 0.014 0.008 180 1.10 

1513 0.26 2.34 0.005 0.008 197 1.03 

MGL 

1551 0.80 7.31 0.031 0.041 279 4.23 

1197 0.37 3.32 0.014 0.014 246 1.92 

4457 0.41 3.69 0.028 0.016 246 2.14 

787 0.63 5.72 0.003 0.030 264 3.31 

1052 0.26 2.33 0.009 0.009 214 1.35 

4863 0.25 2.25 0.010 0.009 219 1.30 

1513 0.28 2.57 0.017 0.010 246 1.49 

HGL 

1551 0.75 6.82 0.037 0.041 302 6.00 

1197 0.32 2.92 0.016 0.013 256 2.57 

4457 0.43 3.92 0.027 0.019 276 3.45 

787 0.62 5.60 0.030 0.032 297 4.93 

1052 0.35 3.16 0.016 0.014 256 2.78 

4863 0.45 4.12 0.025 0.021 269 3.62 

1513 0.26 2.40 0.016 0.010 258 2.11 

HS 

LGL 

1551 0.96 8.71 0.126 0.044 253 3.83 

1197 0.37 3.35 0.017 0.012 218 1.47 

4457 0.57 5.14 0.060 0.022 228 2.26 

787 0.62 5.62 0.057 0.023 245 2.47 

1052 0.37 3.39 0.040 0.012 195 1.49 

4863 0.39 3.52 0.040 0.012 214 1.55 

1513 0.40 3.65 0.036 0.013 215 1.61 

MGL 

1551 1.18 10.73 0.082 0.064 296 6.21 

1197 0.45 4.12 0.013 0.019 268 2.38 

4457 0.65 5.87 0.045 0.031 279 3.40 

787 0.81 7.38 0.031 0.041 300 4.27 

1052 0.43 3.93 0.013 0.017 246 2.28 

4863 0.55 4.97 0.025 0.024 269 2.88 

1513 0.32 2.88 0.013 0.012 294 1.67 

HGL 

1551 1.03 9.34 0.074 0.060 340 8.22 

1197 0.52 4.70 0.029 0.025 300 4.14 

4457 0.68 6.20 0.037 0.036 304 5.45 

787 0.72 6.56 0.016 0.039 324 5.78 

1052 0.39 3.57 0.017 0.017 293 3.14 

4863 0.58 5.29 0.029 0.028 329 4.65 

1513 0.38 3.44 0.000 0.016 330 3.03 
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Table A2.7. Summary of dynamic analysis results for original structures 2 with low 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.10 1.31 0.004 0.005 218 0.75 

1197 0.10 1.28 0.006 0.005 201 0.73 

4457 0.15 1.83 0.007 0.008 248 1.04 

787 0.11 1.36 0.006 0.006 215 0.78 

1052 0.09 1.14 0.004 0.005 203 0.65 

4863 0.11 1.40 0.005 0.006 218 0.80 

1513 0.12 1.54 0.007 0.006 232 0.88 

MGL 

1551 0.19 2.43 0.007 0.011 320 1.76 

1197 0.15 1.81 0.010 0.008 288 1.32 

4457 0.20 2.55 0.014 0.012 233 1.85 

787 0.13 1.67 0.009 0.007 275 1.21 

1052 0.13 1.61 0.011 0.007 275 1.17 

4863 0.14 1.78 0.006 0.008 282 1.29 

1513 0.13 1.66 0.010 0.007 259 1.21 

HGL 

1551 0.21 2.57 0.011 0.016 355 2.28 

1197 0.12 1.55 0.012 0.007 305 1.38 

4457 0.21 2.57 0.206 0.015 351 2.28 

787 0.15 1.89 0.012 0.009 332 1.68 

1052 0.15 1.87 0.016 0.009 324 1.66 

4863 0.15 1.81 0.014 0.008 318 1.61 

1513 0.13 1.66 0.014 0.008 306 1.47 

MS 

LGL 

1551 0.21 2.66 0.000 0.012 290 1.52 

1197 0.17 2.09 0.007 0.009 251 1.19 

4457 0.27 3.34 0.008 0.015 294 1.91 

787 0.19 2.43 0.020 0.011 287 1.39 

1052 0.15 1.87 0.043 0.008 245 1.07 

4863 0.19 2.35 0.010 0.010 270 1.34 

1513 0.15 1.82 0.006 0.007 251 1.04 

MGL 

1551 0.50 6.31 0.165 0.054 362 4.59 

1197 0.22 2.74 0.112 0.014 329 1.99 

4457 0.36 4.46 0.048 0.033 349 3.24 

787 0.36 4.45 0.044 0.034 348 3.23 

1052 0.23 2.83 0.008 0.014 330 2.05 

4863 0.24 3.04 0.015 0.015 334 2.21 

1513 0.25 3.07 0.020 0.017 333 2.23 

HGL 

1551 1.16 14.50 0.450 0.141 367 12.89 

1197 0.26 3.22 0.033 0.023 352 2.87 

4457 0.41 5.17 0.195 0.045 355 4.59 

787 0.52 6.50 0.320 0.060 380 5.78 

1052 0.27 3.41 0.060 0.027 340 3.03 

4863 0.28 3.54 0.059 0.027 358 3.15 

1513 0.31 3.83 0.132 0.033 266 3.41 

HS 

LGL 

1551 0.41 5.17 0.031 0.028 347 2.95 

1197 0.30 3.81 0.035 0.018 314 2.17 

4457 0.41 5.07 0.022 0.028 367 2.90 

787 0.27 3.41 0.018 0.016 307 1.95 

1052 0.26 3.30 0.019 0.015 290 1.89 

4863 0.27 3.42 0.006 0.016 303 1.95 

1513 0.26 3.30 0.018 0.015 317 1.89 

MGL 

1551 1.42 17.70 0.540 0.168 358 12.87 

1197 0.38 4.74 0.032 0.034 349 3.45 

4457 0.61 7.58 0.227 0.067 347 5.51 

787 0.59 7.34 0.167 0.061 370 5.33 

1052 0.35 4.33 0.068 0.031 332 3.15 

4863 0.36 4.55 0.063 0.033 357 3.31 

1513 0.41 5.13 0.109 0.041 349 3.73 

HGL 

1551 1.98 24.73 1.000 0.241 361 21.98 

1197 0.44 5.53 0.160 0.048 359 4.91 

4457 0.71 8.91 0.288 0.083 360 7.92 

787 0.59 7.41 0.065 0.067 367 6.59 

1052 0.47 5.84 0.310 0.054 386 5.19 

4863 0.36 4.45 0.066 0.036 347 3.95 

1513 0.57 7.07 0.446 0.068 381 6.29 
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Table A2.8. Summary of dynamic analysis results for original structures 2 with moderate 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.10 1.31 0.003 0.005 219 0.75 

1197 0.10 1.28 0.006 0.005 201 0.73 

4457 0.15 1.83 0.007 0.007 248 1.04 

787 0.11 1.36 0.005 0.006 215 0.78 

1052 0.09 1.14 0.004 0.005 203 0.65 

4863 0.11 1.40 0.004 0.006 219 0.80 

1513 0.11 1.40 0.009 0.006 232 0.80 

MGL 

1551 0.19 2.42 0.007 0.011 320 1.76 

1197 0.15 1.81 0.010 0.008 288 1.32 

4457 0.20 2.54 0.014 0.012 323 1.85 

787 0.13 1.66 0.008 0.007 275 1.21 

1052 0.13 1.61 0.010 0.007 274 1.17 

4863 0.14 1.78 0.010 0.008 282 1.29 

1513 0.13 1.66 0.010 0.007 282 1.21 

HGL 

1551 0.22 2.69 0.014 0.015 360 2.39 

1197 0.12 1.55 0.012 0.007 305 1.38 

4457 0.21 2.57 0.017 0.014 359 2.28 

787 0.15 1.89 0.012 0.009 331 1.68 

1052 0.15 1.87 0.016 0.009 323 1.66 

4863 0.14 1.81 0.010 0.008 317 1.61 

1513 0.13 1.66 0.011 0.008 305 1.47 

MS 

LGL 

1551 0.21 2.66 0.006 0.012 290 1.52 

1197 0.17 2.09 0.008 0.009 251 1.19 

4457 0.27 3.34 0.009 0.015 294 1.91 

787 0.19 2.43 0.019 0.011 287 1.39 

1052 0.15 1.87 0.003 0.007 245 1.07 

4863 0.19 2.35 0.009 0.010 270 1.34 

1513 0.15 1.82 0.006 0.007 251 1.04 

MGL 

1551 0.40 4.98 0.013 0.032 376 3.62 

1197 0.22 2.74 0.013 0.013 320 1.99 

4457 0.35 4.42 0.020 0.026 361 3.22 

787 0.34 4.31 0.021 0.025 359 3.14 

1052 0.23 2.83 0.010 0.014 330 2.06 

4863 0.24 3.04 0.014 0.015 333 2.21 

1513 0.25 3.07 0.019 0.016 337 2.23 

HGL 

1551 0.74 9.19 0.279 0.086 393 8.17 

1197 0.25 3.12 0.016 0.019 375 2.78 

4457 0.39 4.93 0.052 0.037 400 4.38 

787 0.40 5.03 0.032 0.039 394 4.47 

1052 0.27 3.35 0.027 0.021 309 2.98 

4863 0.28 3.53 0.028 0.021 373 3.14 

1513 0.30 3.77 0.030 0.025 387 3.35 

HS 

LGL 

1551 0.42 5.20 0.031 0.029 339 2.97 

1197 0.30 3.81 0.035 0.018 314 2.17 

4457 0.41 5.08 0.026 0.029 370 2.90 

787 0.27 3.41 0.018 0.016 308 1.95 

1052 0.26 3.30 0.016 0.015 290 1.89 

4863 0.27 3.42 0.000 0.016 303 1.95 

1513 0.26 3.30 0.017 0.015 317 1.89 

MGL 

1551 0.96 12.06 0.150 0.104 387 8.77 

1197 0.37 4.60 0.014 0.028 368 3.34 

4457 0.58 7.30 0.074 0.054 387 5.31 

787 0.56 6.97 0.016 0.050 392 5.07 

1052 0.34 4.28 0.031 0.025 352 3.12 

4863 0.36 4.55 0.028 0.027 357 3.31 

1513 0.41 5.12 0.036 0.035 365 3.72 

HGL 

1551 1.88 23.49 0.897 0.228 405 20.88 

1197 0.47 5.91 0.050 0.048 386 5.25 

4457 0.65 8.17 0.185 0.072 399 7.26 

787 0.56 6.99 0.049 0.058 395 6.22 

1052 0.34 4.25 0.038 0.029 392 3.77 

4863 0.36 4.48 0.027 0.030 393 3.98 

1513 0.40 5.06 0.095 0.040 383 4.49 
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Table A2.9. Summary of dynamic analysis results for original structures 2 with high 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.10 1.31 0.004 0.005 218 0.75 

1197 0.10 1.28 0.020 0.005 201 0.73 

4457 0.15 1.83 0.007 0.008 248 1.05 

787 0.11 1.36 0.006 0.006 215 0.78 

1052 0.09 1.14 0.004 0.005 206 0.65 

4863 0.11 1.40 0.005 0.006 218 0.80 

1513 0.01 0.14 0.007 0.006 232 0.08 

MGL 

1551 0.19 2.42 0.011 0.011 320 1.76 

1197 0.14 1.81 0.010 0.008 287 1.31 

4457 0.20 2.54 0.014 0.012 323 1.85 

787 0.13 1.66 0.008 0.007 363 1.21 

1052 0.13 1.61 0.010 0.007 274 1.17 

4863 0.14 1.78 0.006 0.008 282 1.30 

1513 0.13 1.67 0.011 0.007 282 1.21 

HGL 

1551 0.21 2.68 0.014 0.014 362 2.38 

1197 0.12 1.55 0.117 0.007 304 1.37 

4457 0.21 2.56 0.017 0.013 360 2.28 

787 0.15 1.89 0.013 0.009 331 1.68 

1052 0.15 1.86 0.016 0.009 322 1.65 

4863 0.14 1.81 0.014 0.008 316 1.60 

1513 0.13 1.65 0.014 0.008 304 1.47 

MS 

LGL 

1551 0.21 2.65 0.000 0.012 289 1.51 

1197 0.17 2.09 0.007 0.009 251 1.20 

4457 0.27 3.34 0.008 0.015 294 1.91 

787 0.19 2.43 0.022 0.011 287 1.39 

1052 0.15 1.87 0.000 0.008 244 1.07 

4863 0.17 2.16 0.003 0.010 269 1.24 

1513 0.15 1.82 0.006 0.007 250 1.04 

MGL 

1551 0.40 5.05 0.014 0.031 380 3.67 

1197 0.22 2.74 0.012 0.013 329 1.99 

4457 0.35 4.42 0.019 0.025 359 3.21 

787 0.34 4.30 0.021 0.024 362 3.13 

1052 0.23 2.83 0.009 0.014 330 2.06 

4863 0.24 3.04 0.014 0.015 333 2.21 

1513 0.25 3.07 0.020 0.016 339 2.23 

HGL 

1551 0.65 8.13 0.040 0.059 435 7.23 

1197 0.25 3.11 0.016 0.017 377 2.77 

4457 0.39 4.90 0.032 0.031 346 4.35 

787 0.42 5.31 0.021 0.035 403 4.72 

1052 0.27 3.35 0.025 0.019 375 2.98 

4863 0.28 3.52 0.026 0.020 375 3.13 

1513 0.30 3.78 0.026 0.022 398 3.36 

HS 

LGL 

1551 0.41 5.17 0.028 0.027 348 2.95 

1197 0.30 3.81 0.034 0.018 314 2.18 

4457 0.41 5.07 0.020 0.027 374 2.89 

787 0.27 3.41 0.017 0.016 307 1.95 

1052 0.26 3.30 0.020 0.015 290 1.89 

4863 0.27 3.41 0.000 0.016 302 1.95 

1513 0.26 3.30 0.018 0.015 317 1.89 

MGL 

1551 0.91 11.40 0.290 0.772 419 8.29 

1197 0.37 4.59 0.012 0.027 370 3.33 

4457 0.58 7.28 0.052 0.048 401 5.29 

787 0.57 7.17 0.012 0.047 410 5.21 

1052 0.34 4.28 0.029 0.024 352 3.11 

4863 0.36 4.54 0.026 0.026 356 3.30 

1513 0.41 5.11 0.029 0.031 375 3.72 

HGL 

1551 1.20 14.98 0.119 0.125 443 13.31 

1197 0.47 5.92 0.021 0.040 408 5.26 

4457 0.63 7.93 0.051 0.056 450 7.05 

787 0.77 9.62 0.035 0.073 420 8.55 

1052 0.34 4.21 0.027 0.025 392 3.74 

4863 0.37 4.66 0.021 0.029 393 4.15 

1513 0.40 5.04 0.040 0.033 408 4.48 
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Table A2.10. Summary of dynamic analysis results for original structures 3 with low 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.05 0.57 0.004 0.004 363 0.90 

1197 0.06 0.71 0.005 0.005 400 1.12 

4457 0.08 0.94 0.005 0.007 435 1.48 

787 0.05 0.64 0.004 0.005 383 1.00 

1052 0.06 0.79 0.004 0.006 413 1.23 

4863 0.06 0.73 0.005 0.005 409 1.14 

1513 0.05 0.62 0.004 0.004 375 0.97 

MGL 

1551 0.09 1.10 0.008 0.009 538 2.05 

1197 0.10 1.24 0.014 0.012 543 2.31 

4457 0.09 1.17 0.008 0.011 540 2.18 

787 0.09 1.07 0.010 0.009 529 1.99 

1052 0.09 1.12 0.011 0.010 529 2.08 

4863 0.08 0.97 0.008 0.008 521 1.80 

1513 0.10 1.22 0.009 0.012 542 2.27 

HGL 

1551 0.09 1.14 0.017 0.012 569 2.60 

1197 0.11 1.31 0.020 0.015 572 3.00 

4457 0.12 1.52 0.025 0.020 564 3.48 

787 0.11 1.32 0.020 0.015 569 3.02 

1052 0.09 1.08 0.015 0.011 560 2.48 

4863 0.11 1.40 0.019 0.017 561 3.21 

1513 0.11 1.36 0.020 0.016 561 3.11 

MS 

LGL 

1551 0.10 1.29 0.008 0.010 480 2.03 

1197 0.12 1.52 0.025 0.013 529 2.39 

4457 0.18 2.26 0.054 0.022 489 3.55 

787 0.09 1.07 0.014 0.008 450 1.68 

1052 0.14 1.74 0.060 0.016 458 2.73 

4863 0.13 1.59 0.030 0.013 628 2.50 

1513 0.11 1.40 0.016 0.012 503 2.19 

MGL 

1551 0.14 1.71 0.013 0.021 561 3.18 

1197 0.14 1.75 0.018 0.020 571 3.25 

4457 0.26 3.20 0.080 0.045 589 5.95 

787 0.16 1.98 0.018 0.025 563 3.68 

1052 0.13 1.58 0.013 0.018 563 2.93 

4863 0.21 2.59 0.081 0.035 563 4.82 

1513 0.19 2.43 0.042 0.032 553 4.53 

HGL 

1551 0.17 2.14 0.017 0.032 582 4.90 

1197 0.16 1.99 0.086 0.029 573 4.54 

4457 0.34 4.20 0.050 0.061 573 9.59 

787 0.14 1.79 0.014 0.025 579 4.10 

1052 0.14 1.69 0.030 0.023 585 3.86 

4863 0.18 2.24 0.088 0.032 573 5.12 

1513 0.19 2.40 0.058 0.034 561 5.48 

HS 

LGL 

1551 0.20 2.50 0.019 0.027 631 3.92 

1197 0.24 2.96 0.158 0.035 554 4.64 

4457 0.25 3.16 0.045 0.039 650 4.96 

787 0.15 1.84 0.007 0.017 628 2.88 

1052 0.20 2.48 0.072 0.026 552 3.89 

4863 0.19 2.38 0.040 0.023 623 3.74 

1513 0.21 2.57 0.019 0.027 631 4.03 

MGL 

1551 0.43 5.39 0.247 0.082 564 10.03 

1197 0.23 2.83 0.136 0.038 572 5.26 

4457 0.49 6.14 0.160 0.090 596 11.42 

787 0.23 2.93 0.068 0.041 578 5.46 

1052 0.19 2.34 0.043 0.030 594 4.36 

4863 0.23 2.84 0.109 0.039 578 5.28 

1513 0.23 2.89 0.047 0.038 552 5.38 

HGL 

1551 0.92 11.49 0.687 0.180 589 26.26 

1197 0.35 4.43 0.260 0.067 590 10.13 

4457 0.56 6.96 0.169 0.107 585 15.90 

787 0.25 3.11 0.100 0.047 597 7.10 

1052 0.22 2.75 0.034 0.041 596 6.29 

4863 0.21 2.65 0.063 0.039 603 6.05 

1513 0.19 2.33 0.100 0.032 587 5.32 
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Table A2.11. Summary of dynamic analysis results for original structures 3 with moderate 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.05 0.57 0.004 0.004 363 0.90 

1197 0.06 0.71 0.006 0.005 400 1.12 

4457 0.08 0.94 0.005 0.007 436 1.48 

787 0.05 0.64 0.002 0.005 383 1.00 

1052 0.06 0.79 0.004 0.006 413 1.23 

4863 0.06 0.73 0.005 0.005 408 1.14 

1513 0.05 0.62 0.004 0.004 375 0.97 

MGL 

1551 0.09 1.10 0.009 0.009 539 2.05 

1197 0.10 1.24 0.013 0.011 553 2.30 

4457 0.09 1.17 0.008 0.010 543 2.18 

787 0.09 1.07 0.010 0.009 529 1.99 

1052 0.09 1.12 0.011 0.009 529 2.08 

4863 0.08 0.97 0.008 0.008 521 1.80 

1513 0.10 1.22 0.007 0.011 542 2.27 

HGL 

1551 0.09 1.13 0.013 0.011 578 2.58 

1197 0.10 1.31 0.016 0.014 594 2.99 

4457 0.11 1.37 0.016 0.015 617 3.14 

787 0.11 1.32 0.016 0.014 601 3.01 

1052 0.09 1.08 0.011 0.010 576 2.48 

4863 0.11 1.42 0.014 0.015 602 3.25 

1513 0.11 1.35 0.017 0.014 598 3.08 

MS 

LGL 

1551 0.10 1.29 0.008 0.010 481 2.03 

1197 0.12 1.53 0.022 0.013 508 2.39 

4457 0.19 2.41 0.115 0.023 498 3.78 

787 0.09 1.07 0.006 0.008 450 1.68 

1052 0.14 1.75 0.064 0.015 439 2.74 

4863 0.13 1.57 0.021 0.012 514 2.46 

1513 0.09 1.15 0.016 0.009 733 1.81 

MGL 

1551 0.15 1.83 0.010 0.019 595 3.40 

1197 0.15 1.91 0.009 0.020 588 3.55 

4457 0.22 2.80 0.023 0.035 612 5.21 

787 0.17 2.09 0.012 0.024 579 3.89 

1052 0.13 1.64 0.100 0.016 583 3.05 

4863 0.19 2.37 0.021 0.027 588 4.40 

1513 0.19 2.39 0.186 0.028 597 4.44 

HGL 

1551 0.17 2.18 0.022 0.029 624 4.99 

1197 0.16 1.94 0.024 0.024 625 4.43 

4457 0.27 3.42 0.064 0.047 638 7.81 

787 0.16 2.04 0.019 0.026 618 4.65 

1052 0.13 1.68 0.016 0.019 615 3.83 

4863 0.18 2.20 0.023 0.028 628 5.02 

1513 0.21 2.58 0.028 0.034 617 5.90 

HS 

LGL 

1551 0.20 2.48 0.037 0.024 643 3.90 

1197 0.22 2.80 0.049 0.027 545 4.39 

4457 0.24 2.95 0.040 0.031 675 4.63 

787 0.15 1.83 0.006 0.016 631 2.87 

1052 0.23 2.82 0.105 0.029 534 4.42 

4863 0.20 2.51 0.038 0.023 557 3.94 

1513 0.22 2.73 0.041 0.028 543 4.28 

MGL 

1551 0.24 2.98 0.013 0.037 604 5.54 

1197 0.22 2.77 0.049 0.034 610 5.15 

4457 0.43 5.33 0.082 0.075 612 9.91 

787 0.21 2.59 0.006 0.031 606 4.81 

1052 0.19 2.31 0.011 0.026 597 4.30 

4863 0.23 2.86 0.027 0.034 603 5.31 

1513 0.26 3.21 0.023 0.041 599 5.98 

HGL 

1551 0.75 9.37 0.543 0.148 642 21.41 

1197 0.27 3.36 0.120 0.048 637 7.69 

4457 0.51 6.42 0.196 0.095 613 14.68 

787 0.24 3.05 0.037 0.043 645 6.97 

1052 0.21 2.65 0.028 0.035 655 6.05 

4863 0.21 2.59 0.031 0.034 624 5.93 

1513 0.25 3.14 0.023 0.041 626 7.18 
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Table A2.12. Summary of dynamic analysis results for original structures 3 with high 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.05 0.57 0.002 0.004 363 0.90 

1197 0.06 0.71 0.006 0.005 400 1.12 

4457 0.08 0.95 0.005 0.007 393 1.48 

787 0.05 0.64 0.004 0.005 382 1.00 

1052 0.06 0.70 0.003 0.006 412 1.09 

4863 0.06 0.73 0.005 0.054 408 1.14 

1513 0.05 0.62 0.005 0.004 375 0.97 

MGL 

1551 0.09 1.10 0.086 0.009 538 2.05 

1197 0.10 1.24 0.127 0.011 555 2.31 

4457 0.09 1.17 0.009 0.010 543 2.19 

787 0.09 1.07 0.009 0.009 529 1.99 

1052 0.09 1.11 0.012 0.009 528 2.07 

4863 0.08 0.98 0.008 0.008 520 1.81 

1513 0.10 1.22 0.009 0.011 543 2.28 

HGL 

1551 0.09 1.13 0.013 0.010 588 2.58 

1197 0.10 1.31 0.016 0.013 605 2.99 

4457 0.11 1.35 0.013 0.014 628 3.09 

787 0.11 1.32 0.015 0.013 610 3.01 

1052 0.09 1.08 0.014 0.010 579 2.48 

4863 0.11 1.43 0.014 0.014 613 3.28 

1513 0.11 1.35 0.016 0.013 605 3.08 

MS 

LGL 

1551 0.10 1.30 0.008 0.010 481 2.03 

1197 0.12 1.53 0.029 0.013 505 2.40 

4457 0.19 2.42 0.114 0.023 498 3.80 

787 0.09 1.07 0.005 0.008 450 1.68 

1052 0.13 1.63 0.036 0.014 541 2.56 

4863 0.13 1.58 0.130 0.012 510 2.48 

1513 0.11 1.40 0.007 0.012 503 2.19 

MGL 

1551 0.15 1.83 0.007 0.018 604 3.41 

1197 0.15 1.91 0.009 0.019 590 3.56 

4457 0.22 2.74 0.016 0.030 624 5.09 

787 0.17 2.11 0.012 0.022 604 3.92 

1052 0.13 1.65 0.009 0.016 590 3.06 

4863 0.19 2.35 0.017 0.025 596 4.38 

1513 0.19 2.39 0.016 0.026 614 4.44 

HGL 

1551 0.18 2.28 0.014 0.026 670 5.21 

1197 0.15 1.93 0.018 0.021 645 4.41 

4457 0.25 3.09 0.017 0.038 691 7.06 

787 0.16 2.02 0.010 0.023 652 4.62 

1052 0.13 1.67 0.014 0.018 640 3.82 

4863 0.18 2.19 0.016 0.025 650 5.01 

1513 0.21 2.62 0.020 0.030 664 5.98 

HS 

LGL 

1551 0.17 2.19 0.117 0.020 670 3.43 

1197 0.23 2.87 0.067 0.028 542 4.51 

4457 0.24 3.01 0.038 0.030 617 4.73 

787 0.15 1.83 0.005 0.015 516 2.86 

1052 0.20 2.47 0.062 0.024 545 3.88 

4863 0.18 2.22 0.032 0.021 642 3.47 

1513 0.18 2.31 0.024 0.022 653 3.63 

MGL 

1551 0.24 2.97 0.011 0.033 630 5.52 

1197 0.22 2.76 0.028 0.030 619 5.14 

4457 0.39 4.88 0.016 0.057 750 9.07 

787 0.22 2.74 0.009 0.030 635 5.09 

1052 0.18 2.31 0.011 0.025 656 4.30 

4863 0.23 2.85 0.017 0.031 611 5.30 

1513 0.26 3.31 0.059 0.037 631 6.16 

HGL 

1551 0.41 5.14 0.038 0.070 711 11.75 

1197 0.26 3.19 0.027 0.039 684 7.30 

4457 0.46 5.80 0.051 0.078 694 13.26 

787 0.24 3.05 0.015 0.038 679 6.98 

1052 0.21 2.63 0.012 0.031 682 6.01 

4863 0.22 2.69 0.017 0.032 679 6.15 

1513 0.26 3.21 0.016 0.037 674 7.33 
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Table A2.13. Summary of dynamic analysis results for upgraded structures 1 with low 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.10 0.88 0.000 0.004 201 0.54 

1197 0.11 0.99 0.000 0.004 190 0.61 

4457 0.14 1.31 0.000 0.006 226 0.80 

787 0.11 0.97 0.007 0.004 201 0.59 

1052 0.08 0.77 0.000 0.003 182 0.47 

4863 0.13 1.17 0.000 0.005 211 0.72 

1513 0.12 1.11 0.000 0.005 227 0.68 

MGL 

1551 0.13 1.22 0.000 0.005 247 0.84 

1197 0.14 1.24 0.008 0.005 244 0.85 

4457 0.17 1.58 0.000 0.007 260 1.09 

787 0.11 0.99 0.012 0.004 223 0.68 

1052 0.13 1.20 0.014 0.004 242 0.83 

4863 0.12 1.13 0.012 0.005 236 0.78 

1513 0.14 1.28 0.000 0.006 258 0.88 

HGL 

1551 0.17 1.50 0.000 0.007 280 1.27 

1197 0.14 1.28 0.000 0.006 273 1.08 

4457 0.18 1.63 0.011 0.007 289 1.38 

787 0.16 1.46 0.000 0.006 282 1.24 

1052 0.12 1.13 0.000 0.005 253 0.96 

4863 0.15 1.37 0.000 0.006 262 1.16 

1513 0.15 1.40 0.000 0.006 271 1.19 

MS 

LGL 

1551 0.20 1.81 0.018 0.008 263 1.11 

1197 0.22 2.03 0.025 0.009 259 1.24 

4457 0.29 2.60 0.038 0.012 290 1.59 

787 0.21 1.94 0.022 0.008 259 1.19 

1052 0.18 1.64 0.007 0.007 245 1.00 

4863 0.21 1.86 0.000 0.008 252 1.14 

1513 0.24 2.21 0.034 0.009 263 1.35 

MGL 

1551 0.34 3.12 0.020 0.016 337 2.15 

1197 0.26 2.35 0.013 0.011 307 1.62 

4457 0.37 3.32 0.033 0.017 329 2.28 

787 0.34 3.10 0.025 0.015 329 2.13 

1052 0.21 1.93 0.000 0.009 286 1.33 

4863 0.25 2.28 0.018 0.010 310 1.57 

1513 0.28 2.53 0.022 0.012 335 1.74 

HGL 

1551 0.51 4.67 0.034 0.039 359 3.95 

1197 0.36 3.25 0.028 0.020 357 2.75 

4457 0.40 3.59 0.049 0.024 355 3.04 

787 0.46 4.14 0.036 0.031 361 3.50 

1052 0.23 2.07 0.025 0.009 296 1.75 

4863 0.26 2.40 0.018 0.012 325 2.03 

1513 0.26 2.37 0.020 0.011 325 2.00 

HS 

LGL 

1551 0.50 4.56 0.133 0.023 332 2.79 

1197 0.36 3.31 0.006 0.015 292 2.02 

4457 0.51 4.65 0.083 0.023 321 2.84 

787 0.36 3.31 0.048 0.015 318 2.03 

1052 0.27 2.46 0.019 0.011 278 1.50 

4863 0.31 2.78 0.069 0.012 327 1.70 

1513 0.38 3.47 0.088 0.015 306 2.12 

MGL 

1551 0.86 7.83 0.130 0.067 356 5.38 

1197 0.46 4.19 0.024 0.026 358 2.88 

4457 0.59 5.35 0.086 0.041 363 3.68 

787 0.60 5.48 0.021 0.040 375 3.77 

1052 0.32 2.91 0.028 0.014 321 2.00 

4863 0.34 3.13 0.017 0.015 338 2.16 

1513 0.38 3.50 0.023 0.018 353 2.41 

HGL 

1551 1.25 11.33 0.440 0.107 365 9.58 

1197 0.52 4.72 0.100 0.038 380 4.00 

4457 0.65 5.90 0.160 0.051 390 4.99 

787 0.55 4.98 0.036 0.040 362 4.22 

1052 0.34 3.11 0.023 0.017 348 2.63 

4863 0.44 4.01 0.011 0.027 362 3.39 

1513 0.31 2.80 0.022 0.014 397 2.37 
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Table A2.14. Summary of dynamic analysis results for upgraded structures 1 with moderate 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.10 0.88 0.000 0.004 201 0.54 

1197 0.11 0.99 0.000 0.004 190 0.61 

4457 0.14 1.31 0.000 0.006 226 0.80 

787 0.11 0.97 0.007 0.004 201 0.59 

1052 0.08 0.77 0.000 0.003 188 0.47 

4863 0.13 1.17 0.000 0.005 211 0.72 

1513 0.12 1.11 0.000 0.005 227 0.68 

MGL 

1551 0.14 1.25 0.009 0.005 247 0.86 

1197 0.14 1.24 0.008 0.005 244 0.85 

4457 0.17 1.58 0.010 0.007 260 1.09 

787 0.11 0.99 0.012 0.004 223 0.68 

1052 0.13 1.20 0.015 0.004 241 0.83 

4863 0.12 1.13 0.011 0.005 235 0.78 

1513 0.14 1.28 0.009 0.006 258 0.88 

HGL 

1551 0.17 1.50 0.012 0.007 280 1.27 

1197 0.14 1.28 0.012 0.006 272 1.08 

4457 0.18 1.63 0.013 0.007 289 1.38 

787 0.16 1.46 0.011 0.006 282 1.24 

1052 0.12 1.13 0.016 0.005 253 0.96 

4863 0.15 1.37 0.017 0.006 261 1.16 

1513 0.15 1.40 0.009 0.006 271 1.19 

MS 

LGL 

1551 0.20 1.81 0.015 0.008 261 1.11 

1197 0.22 2.03 0.025 0.009 259 1.24 

4457 0.29 2.61 0.038 0.012 289 1.59 

787 0.21 1.95 0.023 0.008 258 1.19 

1052 0.18 1.64 0.000 0.007 245 1.00 

4863 0.21 1.86 0.000 0.008 252 1.14 

1513 0.24 2.21 0.025 0.009 264 1.35 

MGL 

1551 0.34 3.12 0.020 0.016 337 2.15 

1197 0.26 2.36 0.012 0.011 307 1.62 

4457 0.37 3.32 0.034 0.017 329 2.28 

787 0.34 3.10 0.028 0.015 329 2.13 

1052 0.21 1.93 0.006 0.009 286 1.33 

4863 0.25 2.28 0.018 0.011 310 1.57 

1513 0.28 2.53 0.022 0.012 335 1.74 

HGL 

1551 0.50 4.54 0.038 0.030 380 3.84 

1197 0.36 3.25 0.022 0.018 358 2.75 

4457 0.39 3.59 0.041 0.021 355 3.04 

787 0.46 4.15 0.016 0.027 361 3.51 

1052 0.23 2.07 0.026 0.009 296 1.75 

4863 0.26 2.40 0.019 0.012 325 2.03 

1513 0.26 2.36 0.018 0.011 324 2.00 

HS 

LGL 

1551 0.50 4.58 0.136 0.023 325 2.80 

1197 0.36 3.31 0.065 0.015 292 2.02 

4457 0.51 4.65 0.082 0.023 321 2.84 

787 0.36 3.31 0.048 0.015 318 2.03 

1052 0.27 2.46 0.017 0.011 278 1.50 

4863 0.31 2.78 0.066 0.012 327 1.70 

1513 0.39 3.52 0.072 0.015 318 2.15 

MGL 

1551 0.78 7.13 0.036 0.050 376 4.90 

1197 0.46 4.19 0.021 0.024 361 2.88 

4457 0.59 5.33 0.053 0.034 364 3.66 

787 0.62 5.66 0.000 0.037 376 3.89 

1052 0.32 2.91 0.029 0.014 321 2.00 

4863 0.34 3.13 0.017 0.015 338 2.15 

1513 0.38 3.50 0.023 0.018 354 2.40 

HGL 

1551 0.99 9.01 0.150 0.077 400 7.62 

1197 0.52 4.69 0.038 0.032 385 3.97 

4457 0.64 5.78 0.070 0.043 398 4.89 

787 0.66 5.96 0.041 0.046 358 5.04 

1052 0.34 3.11 0.020 0.016 340 2.63 

4863 0.47 4.27 0.015 0.027 360 3.61 

1513 0.30 2.77 0.014 0.013 334 2.34 
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Table A2.15. Summary of dynamic analysis results for upgraded structures 1 with high 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.10 0.88 0.000 0.004 201 0.54 

1197 0.11 0.99 0.005 0.004 190 0.61 

4457 0.14 1.32 0.007 0.006 226 0.80 

787 0.11 0.97 0.007 0.004 201 0.59 

1052 0.08 0.77 0.000 0.003 187 0.47 

4863 0.13 1.17 0.000 0.005 211 0.72 

1513 0.12 1.10 0.000 0.005 227 0.68 

MGL 

1551 0.14 1.25 0.010 0.005 248 0.86 

1197 0.14 1.24 0.008 0.005 244 0.85 

4457 0.17 1.58 0.009 0.007 260 1.08 

787 0.11 0.99 0.012 0.004 223 0.68 

1052 0.13 1.20 0.016 0.005 241 0.83 

4863 0.12 1.13 0.011 0.005 235 0.78 

1513 0.14 1.28 0.006 0.006 258 0.88 

HGL 

1551 0.17 1.51 0.013 0.007 280 1.27 

1197 0.14 1.28 0.012 0.006 272 1.08 

4457 0.18 1.63 0.012 0.007 288 1.38 

787 0.16 1.46 0.012 0.006 281 1.24 

1052 0.12 1.13 0.015 0.005 253 0.96 

4863 0.15 1.37 0.018 0.006 261 1.16 

1513 0.15 1.40 0.012 0.006 271 1.19 

MS 

LGL 

1551 0.20 1.81 0.021 0.008 261 1.11 

1197 0.22 2.04 0.025 0.009 259 1.24 

4457 0.29 2.61 0.038 0.012 289 1.59 

787 0.21 1.95 0.022 0.008 258 1.19 

1052 0.18 1.64 0.000 0.007 245 1.00 

4863 0.21 1.86 0.000 0.008 252 1.14 

1513 0.24 2.21 0.027 0.009 263 1.35 

MGL 

1551 0.34 3.12 0.016 0.016 338 2.15 

1197 0.26 2.36 0.012 0.011 307 1.62 

4457 0.37 3.32 0.033 0.017 329 2.28 

787 0.34 3.11 0.027 0.015 329 2.14 

1052 0.21 1.93 0.006 0.009 286 1.33 

4863 0.25 2.28 0.018 0.010 309 1.57 

1513 0.28 2.53 0.024 0.012 334 1.74 

HGL 

1551 0.50 4.54 0.042 0.027 385 3.84 

1197 0.36 3.25 0.022 0.017 359 2.75 

4457 0.39 3.59 0.038 0.020 354 3.04 

787 0.46 4.15 0.012 0.024 367 3.51 

1052 0.23 2.07 0.028 0.009 295 1.75 

4863 0.26 2.40 0.019 0.012 324 2.03 

1513 0.26 2.35 0.021 0.012 322 1.99 

HS 

LGL 

1551 0.50 4.56 0.133 0.022 332 2.79 

1197 0.36 3.31 0.066 0.015 291 2.02 

4457 0.51 4.66 0.082 0.023 321 2.85 

787 0.36 3.32 0.023 0.016 318 2.03 

1052 0.27 2.46 0.018 0.011 278 1.50 

4863 0.31 2.78 0.068 0.012 327 1.70 

1513 0.38 3.50 0.072 0.015 318 2.14 

MGL 

1551 0.78 7.10 0.052 0.045 380 4.88 

1197 0.46 4.19 0.019 0.023 362 2.88 

4457 0.59 5.33 0.037 0.032 364 3.66 

787 0.63 5.69 0.000 0.035 377 3.91 

1052 0.32 2.91 0.028 0.014 320 2.00 

4863 0.34 3.13 0.015 0.015 337 2.15 

1513 0.38 3.49 0.033 0.017 354 2.40 

HGL 

1551 0.97 8.80 0.000 0.062 402 7.44 

1197 0.52 4.69 0.033 0.029 389 3.97 

4457 0.63 5.75 0.050 0.037 402 4.87 

787 0.68 6.21 0.040 0.042 358 5.26 

1052 0.34 3.11 0.021 0.015 346 2.63 

4863 0.48 4.32 0.000 0.025 364 3.66 

1513 0.31 2.85 0.022 0.012 336 2.41 
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Table A2.16. Summary of dynamic analysis results for upgraded structures 2 with low 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.06 0.78 0.000 0.004 306 0.69 

1197 0.09 1.16 0.000 0.006 352 1.03 

4457 0.08 0.99 0.000 0.005 331 0.88 

787 0.06 0.71 0.000 0.004 294 0.63 

1052 0.09 1.14 0.000 0.006 349 1.01 

4863 0.07 0.85 0.000 0.004 314 0.75 

1513 0.08 0.95 0.000 0.005 329 0.85 

MGL 

1551 0.09 1.13 0.000 0.006 381 1.29 

1197 0.10 1.25 0.000 0.006 389 1.43 

4457 0.13 1.67 0.013 0.009 424 1.90 

787 0.11 1.36 0.011 0.007 407 1.56 

1052 0.09 1.16 0.000 0.006 384 1.33 

4863 0.12 1.53 0.011 0.008 410 1.75 

1513 0.13 1.64 0.014 0.009 428 1.87 

HGL 

1551 0.11 1.34 0.000 0.007 428 2.15 

1197 0.13 1.59 0.000 0.008 442 2.54 

4457 0.15 1.88 0.000 0.011 479 3.01 

787 0.11 1.36 0.000 0.007 426 2.18 

1052 0.09 1.18 0.000 0.006 399 1.90 

4863 0.12 1.54 0.000 0.008 444 2.47 

1513 0.12 1.53 0.000 0.008 443 2.45 

MS 

LGL 

1551 0.15 1.84 0.020 0.010 406 1.64 

1197 0.19 2.31 0.026 0.012 420 2.06 

4457 0.17 2.17 0.000 0.012 423 1.93 

787 0.15 1.89 0.000 0.010 418 1.68 

1052 0.18 2.26 0.036 0.012 408 2.00 

4863 0.14 1.76 0.000 0.009 397 1.56 

1513 0.21 2.61 0.017 0.014 436 2.32 

MGL 

1551 0.19 2.40 0.000 0.014 470 2.74 

1197 0.22 2.71 0.033 0.017 462 3.09 

4457 0.28 3.46 0.031 0.026 478 3.96 

787 0.20 2.44 0.000 0.015 467 2.79 

1052 0.17 2.15 0.000 0.012 450 2.45 

4863 0.18 2.28 0.014 0.013 456 2.61 

1513 0.22 2.71 0.014 0.018 473 3.10 

HGL 

1551 0.52 6.53 0.240 0.061 500 10.44 

1197 0.25 3.14 0.062 0.027 470 5.03 

4457 0.37 4.59 0.130 0.041 483 7.34 

787 0.28 3.54 0.100 0.031 479 5.66 

1052 0.19 2.41 0.000 0.017 483 3.85 

4863 0.19 2.42 0.022 0.017 484 3.87 

1513 0.26 3.26 0.060 0.028 494 5.22 

HS 

LGL 

1551 0.23 2.84 0.050 0.015 432 2.53 

1197 0.24 2.98 0.040 0.016 433 2.65 

4457 0.36 4.46 0.072 0.030 450 3.96 

787 0.24 3.02 0.044 0.017 443 2.68 

1052 0.21 2.69 0.048 0.014 425 2.39 

4863 0.28 3.54 0.032 0.021 444 3.15 

1513 0.31 3.86 0.072 0.024 458 3.43 

MGL 

1551 0.69 8.64 0.346 0.081 503 9.88 

1197 0.35 4.37 0.142 0.037 481 4.99 

4457 0.53 6.64 0.153 0.059 474 7.59 

787 0.39 4.81 0.080 0.041 477 5.50 

1052 0.27 3.40 0.023 0.026 484 3.88 

4863 0.25 3.07 0.015 0.021 496 3.51 

1513 0.34 4.30 0.060 0.035 488 4.91 

HGL 

1551 0.94 11.75 0.800 0.175 497 18.80 

1197 0.37 4.58 0.148 0.041 506 7.33 

4457 0.64 7.98 0.228 0.077 480 12.77 

787 0.49 6.10 0.000 0.057 493 9.75 

1052 0.35 4.42 0.169 0.042 521 7.07 

4863 0.34 4.27 0.120 0.039 527 6.83 

1513 0.46 5.81 0.334 0.056 486 9.30 
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Table A2.17. Summary of dynamic analysis results for upgraded structures 2 with moderate 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.06 0.78 0.000 0.004 306 0.69 

1197 0.09 1.16 0.000 0.006 352 1.03 

4457 0.08 0.99 0.000 0.005 331 0.88 

787 0.06 0.71 0.000 0.004 294 0.63 

1052 0.09 1.14 0.000 0.006 348 1.01 

4863 0.07 0.85 0.000 0.004 313 0.75 

1513 0.08 0.95 0.000 0.005 329 0.85 

MGL 

1551 0.09 1.13 0.000 0.006 381 1.29 

1197 0.10 1.26 0.000 0.006 388 1.44 

4457 0.13 1.67 0.013 0.009 351 1.90 

787 0.11 1.36 0.011 0.007 407 1.56 

1052 0.09 1.16 0.000 0.006 384 1.33 

4863 0.12 1.53 0.000 0.008 410 1.75 

1513 0.13 1.64 0.000 0.009 427 1.87 

HGL 

1551 0.11 1.35 0.013 0.007 428 2.15 

1197 0.13 1.59 0.000 0.008 442 2.54 

4457 0.15 1.88 0.000 0.011 478 3.01 

787 0.11 1.36 0.000 0.007 428 2.18 

1052 0.09 1.18 0.000 0.006 399 1.90 

4863 0.13 1.57 0.000 0.008 443 2.50 

1513 0.12 1.53 0.000 0.008 442 2.45 

MS 

LGL 

1551 0.15 1.85 0.020 0.010 406 1.64 

1197 0.19 2.31 0.026 0.013 420 2.06 

4457 0.17 2.17 0.009 0.012 423 1.93 

787 0.15 1.89 0.000 0.010 418 1.68 

1052 0.18 2.26 0.038 0.012 408 2.01 

4863 0.14 1.76 0.000 0.009 397 1.56 

1513 0.21 2.61 0.000 0.014 437 2.32 

MGL 

1551 0.19 2.40 0.000 0.014 469 2.75 

1197 0.22 2.71 0.030 0.017 463 3.10 

4457 0.27 3.39 0.015 0.022 495 3.88 

787 0.20 2.44 0.000 0.014 467 2.79 

1052 0.17 2.15 0.000 0.012 450 2.45 

4863 0.18 2.28 0.014 0.013 456 2.61 

1513 0.22 2.71 0.014 0.017 477 3.10 

HGL 

1551 0.32 4.06 0.032 0.031 522 6.50 

1197 0.24 3.01 0.025 0.021 508 4.81 

4457 0.34 4.31 0.049 0.035 525 6.89 

787 0.26 3.22 0.023 0.023 518 5.15 

1052 0.20 2.45 0.016 0.016 497 3.91 

4863 0.19 2.42 0.000 0.015 493 3.87 

1513 0.26 3.24 0.026 0.023 513 5.19 

HS 

LGL 

1551 0.23 2.83 0.050 0.015 432 2.52 

1197 0.21 2.57 0.032 0.014 432 2.29 

4457 0.35 4.41 0.050 0.028 460 3.92 

787 0.24 3.01 0.043 0.017 443 2.68 

1052 0.21 2.68 0.050 0.014 425 2.39 

4863 0.24 3.02 0.027 0.021 437 2.69 

1513 0.31 3.87 0.071 0.024 470 3.44 

MGL 

1551 0.48 6.01 0.041 0.048 521 6.86 

1197 0.33 4.11 0.057 0.029 501 4.70 

4457 0.50 6.26 0.065 0.050 528 7.15 

787 0.36 4.52 0.014 0.032 502 5.17 

1052 0.27 3.40 0.000 0.022 484 3.88 

4863 0.25 3.08 0.000 0.019 495 3.52 

1513 0.34 4.27 0.030 0.030 504 4.88 

HGL 

1551 0.96 12.04 0.450 0.119 530 19.27 

1197 0.37 4.67 0.055 0.039 528 7.47 

4457 0.59 7.36 0.177 0.067 529 11.78 

787 0.48 5.95 0.033 0.051 534 9.52 

1052 0.30 3.70 0.025 0.027 537 5.92 

4863 0.32 4.02 0.029 0.032 536 6.43 

1513 0.39 4.88 0.083 0.041 528 7.81 
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Table A2.18. Summary of dynamic analysis results for upgraded structures 2 with high 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.06 0.78 0.000 0.004 306 0.69 

1197 0.09 1.16 0.000 0.006 351 1.03 

4457 0.08 0.99 0.000 0.005 331 0.88 

787 0.06 0.71 0.000 0.004 294 0.63 

1052 0.09 1.14 0.000 0.006 348 1.01 

4863 0.07 0.85 0.000 0.004 313 0.75 

1513 0.08 0.96 0.000 0.005 313 0.85 

MGL 

1551 0.09 1.13 0.000 0.006 381 1.29 

1197 0.10 1.26 0.000 0.006 388 1.43 

4457 0.13 1.67 0.014 0.009 424 1.91 

787 0.11 1.36 0.011 0.007 407 1.56 

1052 0.09 1.16 0.000 0.006 383 1.32 

4863 0.12 1.53 0.012 0.008 410 1.75 

1513 0.13 1.64 0.002 0.009 427 1.87 

HGL 

1551 0.11 1.35 0.000 0.007 428 2.16 

1197 0.13 1.59 0.000 0.008 442 2.54 

4457 0.15 1.88 0.000 0.010 478 3.01 

787 0.11 1.36 0.000 0.007 425 2.18 

1052 0.09 1.19 0.000 0.006 398 1.90 

4863 0.12 1.56 0.000 0.008 443 2.50 

1513 0.12 1.53 0.000 0.008 442 2.45 

MS 

LGL 

1551 0.15 1.86 0.021 0.010 406 1.65 

1197 0.19 2.31 0.026 0.012 420 2.06 

4457 0.17 2.17 0.010 0.012 423 1.93 

787 0.15 1.90 0.000 0.010 417 1.68 

1052 0.15 1.89 0.012 0.010 399 1.68 

4863 0.14 1.76 0.000 0.009 397 1.56 

1513 0.21 2.61 0.032 0.014 450 2.32 

MGL 

1551 0.19 2.41 0.000 0.014 467 2.75 

1197 0.22 2.71 0.028 0.016 463 3.10 

4457 0.27 3.38 0.015 0.021 499 3.87 

787 0.20 2.44 0.000 0.014 469 2.79 

1052 0.17 2.15 0.000 0.012 450 2.45 

4863 0.18 2.28 0.014 0.013 456 2.61 

1513 0.22 2.71 0.013 0.016 477 3.10 

HGL 

1551 0.30 3.79 0.000 0.025 543 6.07 

1197 0.24 3.00 0.021 0.019 516 4.79 

4457 0.34 4.26 0.027 0.030 553 6.81 

787 0.25 3.19 0.017 0.021 533 5.10 

1052 0.20 2.47 0.017 0.015 499 3.94 

4863 0.19 2.42 0.000 0.015 494 3.87 

1513 0.26 3.24 0.023 0.021 523 5.19 

HS 

LGL 

1551 0.23 2.83 0.050 0.015 435 2.52 

1197 0.21 2.57 0.032 0.014 432 2.29 

4457 0.34 4.28 0.060 0.026 448 3.81 

787 0.24 3.01 0.024 0.017 443 2.68 

1052 0.21 2.68 0.050 0.014 424 2.38 

4863 0.28 3.53 0.033 0.020 447 3.14 

1513 0.31 3.91 0.060 0.023 462 3.48 

MGL 

1551 0.45 5.62 0.017 0.040 530 6.42 

1197 0.33 4.09 0.034 0.027 505 4.68 

4457 0.50 6.20 0.045 0.045 544 7.08 

787 0.36 4.48 0.000 0.030 512 5.12 

1052 0.27 3.40 0.014 0.022 587 3.88 

4863 0.34 4.27 0.025 0.019 495 4.88 

1513 0.19 2.41 0.000 0.029 508 2.75 

HGL 

1551 0.65 8.09 0.000 0.064 604 12.95 

1197 0.37 4.59 0.026 0.034 545 7.34 

4457 0.57 7.15 0.066 0.056 585 11.43 

787 0.47 5.82 0.000 0.044 562 9.32 

1052 0.30 3.70 0.034 0.025 544 5.92 

4863 0.32 4.02 0.018 0.028 539 6.42 

1513 0.39 4.87 0.041 0.036 540 7.79 
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Table A2.19. Summary of dynamic analysis results for upgraded structures 3 with low 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.03 0.42 0.000 0.003 542 0.97 

1197 0.03 0.37 0.000 0.003 507 0.84 

4457 0.03 0.32 0.000 0.003 471 0.74 

787 0.03 0.35 0.000 0.003 473 0.81 

1052 0.03 0.34 0.019 0.003 489 0.78 

4863 0.02 0.24 0.000 0.002 411 0.55 

1513 0.03 0.33 0.000 0.003 475 0.75 

MGL 

1551 0.05 0.66 0.012 0.006 686 2.64 

1197 0.06 0.75 0.008 0.007 713 3.00 

4457 0.06 0.74 0.009 0.007 713 2.97 

787 0.04 0.56 0.010 0.006 676 2.23 

1052 0.08 0.94 0.007 0.009 754 3.76 

4863 0.05 0.65 0.009 0.006 683 2.58 

1513 0.05 0.58 0.010 0.005 648 2.31 

HGL 

1551 0.06 0.80 0.000 0.008 760 6.43 

1197 0.08 1.03 0.020 0.012 781 8.27 

4457 0.08 1.04 0.011 0.012 788 8.34 

787 0.06 0.70 0.000 0.006 722 5.63 

1052 0.09 1.11 0.022 0.014 785 8.91 

4863 0.06 0.79 0.000 0.008 758 6.35 

1513 0.06 0.78 0.000 0.008 746 6.22 

MS 

LGL 

1551 0.07 0.82 0.008 0.007 679 1.88 

1197 0.09 1.07 0.011 0.010 724 2.44 

4457 0.09 1.08 0.016 0.010 713 2.46 

787 0.08 1.00 0.011 0.009 705 2.28 

1052 0.09 1.10 0.008 0.010 723 2.52 

4863 0.08 0.94 0.078 0.008 701 2.15 

1513 0.05 0.62 0.000 0.005 626 1.42 

MGL 

1551 0.12 1.44 0.027 0.019 781 5.76 

1197 0.16 2.02 0.050 0.028 787 8.09 

4457 0.16 1.94 0.012 0.027 831 7.76 

787 0.09 1.13 0.010 0.013 775 4.53 

1052 0.15 1.89 0.020 0.025 794 7.57 

4863 0.11 1.37 0.011 0.016 783 5.47 

1513 0.10 1.26 0.016 0.015 789 5.04 

HGL 

1551 0.16 2.00 0.082 0.031 794 15.96 

1197 0.15 1.92 0.042 0.027 803 15.38 

4457 0.24 2.95 0.054 0.046 817 23.59 

787 0.15 1.94 0.051 0.028 799 15.49 

1052 0.11 1.41 0.016 0.019 804 11.24 

4863 0.14 1.70 0.044 0.025 797 13.63 

1513 0.16 1.98 0.044 0.028 802 15.86 

HS 

LGL 

1551 0.12 1.50 0.027 0.016 752 3.42 

1197 0.15 1.92 0.018 0.023 770 4.39 

4457 0.17 2.14 0.016 0.025 769 4.89 

787 0.12 1.47 0.025 0.015 731 3.36 

1052 0.17 2.12 0.032 0.026 772 4.85 

4863 0.10 1.31 0.014 0.013 766 2.98 

1513 0.10 1.23 0.000 0.011 702 2.81 

MGL 

1551 0.21 2.67 0.063 0.040 790 10.68 

1197 0.20 2.49 0.059 0.035 793 9.97 

4457 0.31 3.89 0.040 0.059 820 15.58 

787 0.19 2.37 0.040 0.033 787 9.49 

1052 0.16 2.06 0.012 0.027 793 8.24 

4863 0.17 2.07 0.030 0.028 791 8.29 

1513 0.19 2.31 0.032 0.032 804 9.25 

HGL 

1551 0.36 4.50 0.152 0.070 806 35.97 

1197 0.19 2.38 0.120 0.036 809 19.05 

4457 0.42 5.24 0.109 0.082 829 41.95 

787 0.26 3.20 0.150 0.050 852 25.59 

1052 0.19 2.36 0.087 0.035 835 18.85 

4863 0.15 1.93 0.048 0.029 813 15.42 

1513 0.24 2.95 0.040 0.045 810 23.59 
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Table A2.20. Summary of dynamic analysis results for upgraded structures 3 with moderate 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.03 0.42 0.003 0.003 542 0.75 

1197 0.03 0.37 0.000 0.003 507 0.65 

4457 0.03 0.32 0.000 0.003 472 0.58 

787 0.03 0.35 0.000 0.003 499 0.63 

1052 0.03 0.34 0.000 0.003 490 0.60 

4863 0.02 0.24 0.000 0.002 411 0.43 

1513 0.03 0.33 0.001 0.003 475 0.58 

MGL 

1551 0.05 0.66 0.012 0.006 599 1.76 

1197 0.06 0.75 0.008 0.007 712 2.00 

4457 0.06 0.75 0.007 0.007 713 1.99 

787 0.05 0.66 0.006 0.006 675 1.75 

1052 0.08 0.94 0.009 0.009 755 2.51 

4863 0.05 0.65 0.007 0.006 683 1.72 

1513 0.05 0.58 0.007 0.005 647 1.54 

HGL 

1551 0.06 0.80 0.015 0.008 762 3.21 

1197 0.08 1.03 0.018 0.012 808 4.12 

4457 0.08 1.06 0.012 0.012 811 4.22 

787 0.06 0.70 0.012 0.006 722 2.82 

1052 0.09 1.11 0.017 0.012 683 4.42 

4863 0.06 0.79 0.012 0.007 760 3.18 

1513 0.06 0.78 0.015 0.007 749 3.11 

MS 

LGL 

1551 0.07 0.82 0.000 0.007 679 1.46 

1197 0.09 1.07 0.012 0.010 723 1.90 

4457 0.09 1.08 0.014 0.010 713 1.92 

787 0.08 1.00 0.011 0.009 705 1.77 

1052 0.09 1.10 0.008 0.010 723 1.96 

4863 0.08 0.94 0.007 0.008 701 1.67 

1513 0.05 0.62 0.003 0.005 626 1.11 

MGL 

1551 0.11 1.34 0.017 0.015 815 3.58 

1197 0.16 1.96 0.025 0.024 836 5.22 

4457 0.15 1.90 0.018 0.023 853 5.08 

787 0.09 1.13 0.060 0.012 785 3.02 

1052 0.15 1.86 0.128 0.023 831 4.97 

4863 0.11 1.35 0.008 0.014 817 3.60 

1513 0.10 1.26 0.013 0.013 806 3.35 

HGL 

1551 0.14 1.71 0.025 0.023 856 6.82 

1197 0.16 2.06 0.027 0.028 860 8.24 

4457 0.20 2.52 0.025 0.036 875 10.08 

787 0.15 1.89 0.024 0.025 861 7.58 

1052 0.13 1.58 0.000 0.020 858 6.34 

4863 0.13 1.66 0.018 0.021 854 6.62 

1513 0.16 2.01 0.025 0.027 864 8.02 

HS 

LGL 

1551 0.12 1.48 0.025 0.015 758 2.63 

1197 0.15 1.91 0.018 0.021 787 3.40 

4457 0.17 2.13 0.030 0.023 778 3.79 

787 0.12 1.46 0.025 0.023 733 2.60 

1052 0.17 2.11 0.023 0.014 791 3.75 

4863 0.10 1.31 0.018 0.013 768 2.32 

1513 0.09 1.12 0.000 0.010 702 1.98 

MGL 

1551 0.18 2.26 0.027 0.029 848 6.03 

1197 0.21 2.66 0.034 0.036 855 7.08 

4457 0.27 3.43 0.184 0.048 864 9.13 

787 0.18 2.28 0.019 0.029 853 6.08 

1052 0.18 2.26 0.011 0.029 848 6.03 

4863 0.17 2.14 0.010 0.027 842 5.72 

1513 0.19 2.34 0.017 0.030 837 6.23 

HGL 

1551 0.21 2.63 0.029 0.038 870 10.54 

1197 0.19 2.44 0.064 0.034 879 9.75 

4457 0.37 4.61 0.100 0.069 866 18.44 

787 0.20 2.53 0.015 0.036 893 10.13 

1052 0.18 2.30 0.022 0.032 883 9.20 

4863 0.21 2.60 0.040 0.037 872 10.39 

1513 0.26 3.25 0.057 0.047 863 13.01 
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Table A2.21. Summary of dynamic analysis results for upgraded structures 3 with high 

confinement level 

Seismic 

level 

Gravity load 

level 
EGM 

∆𝑚𝑎𝑥 

[m] 

Drift 

ratio 

[%] 

∆𝑟𝑒𝑠 

[m] 

𝜃𝑚𝑎𝑥  

[rad] 

[𝑉𝑚𝑎𝑥] 

[kN] 
𝜇𝑑−∆ 

LS 

LGL 

1551 0.03 0.42 0.000 0.003 542 0.75 

1197 0.03 0.37 0.000 0.003 507 0.65 

4457 0.03 0.32 0.000 0.003 472 0.58 

787 0.03 0.35 0.000 0.003 473 0.63 

1052 0.03 0.34 0.000 0.003 490 0.60 

4863 0.02 0.24 0.000 0.002 411 0.43 

1513 0.03 0.33 0.003 0.003 475 0.58 

MGL 

1551 0.04 0.49 0.005 0.006 685 1.31 

1197 0.06 0.75 0.008 0.007 712 2.00 

4457 0.06 0.75 0.009 0.007 714 2.00 

787 0.05 0.66 0.010 0.006 675 1.75 

1052 0.08 0.94 0.009 0.009 756 2.51 

4863 0.05 0.65 0.009 0.006 683 1.72 

1513 0.05 0.58 0.009 0.005 646 1.54 

HGL 

1551 0.06 0.80 0.000 0.008 763 3.21 

1197 0.08 1.03 0.017 0.011 814 4.13 

4457 0.08 1.06 0.000 0.012 819 4.24 

787 0.06 0.70 0.000 0.006 721 2.82 

1052 0.09 1.10 0.000 0.012 830 4.41 

4863 0.06 0.79 0.000 0.007 760 3.18 

1513 0.06 0.78 0.000 0.007 750 3.12 

MS 

LGL 

1551 0.07 0.82 0.008 0.007 679 1.46 

1197 0.09 1.07 0.012 0.010 723 1.90 

4457 0.09 1.08 0.010 0.010 713 1.92 

787 0.08 1.00 0.012 0.009 705 1.77 

1052 0.09 1.10 0.008 0.010 723 1.96 

4863 0.08 0.94 0.008 0.008 701 1.67 

1513 0.05 0.62 0.003 0.005 626 1.11 

MGL 

1551 0.11 1.34 0.016 0.014 821 3.56 

1197 0.16 1.95 0.025 0.026 860 5.20 

4457 0.15 1.90 0.018 0.022 868 5.07 

787 0.09 1.13 0.010 0.011 789 3.02 

1052 0.15 1.86 0.012 0.021 847 4.96 

4863 0.11 1.35 0.008 0.014 822 3.60 

1513 0.10 1.26 0.012 0.013 812 3.35 

HGL 

1551 0.13 1.66 0.000 0.020 896 6.65 

1197 0.17 2.09 0.023 0.026 912 8.36 

4457 0.19 2.39 0.014 0.030 935 9.55 

787 0.15 1.88 0.017 0.023 907 7.52 

1052 0.13 1.63 0.013 0.019 890 6.52 

4863 0.13 1.66 0.000 0.019 885 6.62 

1513 0.16 2.00 0.019 0.024 892 8.01 

HS 

LGL 

1551 0.12 1.48 0.025 0.015 758 2.63 

1197 0.15 1.91 0.018 0.021 787 3.40 

4457 0.17 2.13 0.032 0.023 778 3.79 

787 0.12 1.47 0.016 0.014 733 2.61 

1052 0.17 2.11 0.021 0.023 791 3.75 

4863 0.10 1.31 0.015 0.013 768 2.32 

1513 0.09 1.12 0.005 0.010 702 1.98 

MGL 

1551 0.18 2.24 0.017 0.027 882 5.97 

1197 0.21 2.68 0.024 0.033 900 7.14 

4457 0.27 3.39 0.011 0.043 915 9.03 

787 0.18 2.26 0.013 0.027 879 6.03 

1052 0.18 2.30 0.000 0.027 873 6.12 

4863 0.17 2.15 0.008 0.025 858 5.73 

1513 0.19 2.35 0.014 0.028 863 6.25 

HGL 

1551 0.20 2.49 0.013 0.031 952 9.96 

1197 0.33 4.11 0.010 0.031 930 16.42 

4457 0.33 4.11 0.018 0.056 949 16.45 

787 0.22 2.73 0.015 0.036 942 10.92 

1052 0.18 2.28 0.012 0.028 921 9.13 

4863 0.22 2.71 0.023 0.035 921 10.84 

1513 0.26 3.31 0.025 0.044 941 13.24 
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(a) Low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.1. Performance comparison between original and upgraded structures 1 for 

three gravity load levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.2. Performance comparison between original and upgraded structures 2 for 

three gravity load levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy load level 

 

 

Figure A2.3. Performance comparison between original and upgraded structures 3 for 

three gravity load levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.4. Mean drift comparison between original and upgraded structures 1 for 

different combinations of confinement levels, gravity load levels and seismicity levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.5. Mean drift comparison between original and upgraded structures 2 for 

different combinations of confinement levels, gravity load levels and seismicity levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.6. Mean drift comparison between original and upgraded structures 3 for 

different combinations of confinement levels, gravity load levels and seismicity levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.7. Mean D/C displacement comparison between original and upgraded 

structures 1 for different combinations of confinement levels, gravity load levels and 

seismicity levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.8. Mean D/C displacement comparison between original and upgraded 

structures 2 for different combinations of confinement levels, gravity load levels and 

seismicity levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.9. Mean D/C displacement comparison between original and upgraded 

structures 3 for different combinations of confinement levels, gravity load levels and 

seismicity levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.10. Mean D/C shear comparison between original and upgraded structures 1 

for different combinations of confinement levels, gravity load levels and seismicity 

levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.11. Mean D/C shear comparison between original and upgraded structures 2 

for different combinations of confinement levels, gravity load levels and seismicity 

levels 
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(a) low gravity load level 

 

 

 
 

(b) moderate gravity load level 

 

 

 
 

(c) heavy gravity load level 

 

 

Figure A2.12. Mean D/C shear comparison between original and upgraded structures 3 

for different combinations of confinement levels, gravity load levels and seismicity 

levels 
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3 Appendix 3 

 

A3.1 General constructability issues of the proposed upgraded technique 

To introduce complementary services of hysteretic damping, the device should be 

connected by means of the steel assembly of connection plates consists of anchor bolts, 

base plate pinned joints and anchor plates shown 5.28. The C-devices are pin-connected 

to the assembly of connection plates using conventional high strength bolts. The 

movement between the base plate pinned joint and the PC members is avoided due to the 

friction developed between steel and concrete.  

The transverse plates must be designed with enough gap (𝑔) (see Figure 5.20) to allow 

for the free rotation of the arms of the devices. If needed the 90 degree corners of the C-

device arms can be cut to reduce the size of the gap; however, this will increase the 

fabrication cost of the device without improving the efficiency of the device. 

A3.2 Typical design of assembly of connection plates  

The thickness of the base plate tbp (see Figure A3.1) must be designed to resist a critical 

tensile force T transmitted by the C-devices through the pinned joints. The amount of load 

to be transferred through the device will also determine the size of the bolts and the 

thickness of the anchor plates (Figure 5.20). It is important to highlight that the bolts must 

have enough cross-sectional area to handle the maximum force of the device. In fact, the 

design of base plate pinned joints are very similar to design the T-stub in tension or 

anchoring plates at column base described by Eurocode 3 (2005). By following the 

guidelines for the design of plates given in section 6.2.4 in Eurocode 3 (2005), all the 

steel elements of the base plate pinned joint can be estimated. The maximum stress 𝜎max 

due to forces transmitted by devices should not exceed the 0.75 𝜎𝑦 yield strength of the 

plate itself; namely 

  max / 2 0.75bp y

M
t

I
         (3.1) 

     

with 

 
4

bolt

T
M l         (A3.2) 
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Where, M  is the moment due to axial force transmitted by device for a distance of boltl   

while 
bpt   (Figure A3.2) and I  are the thickness and moment of inertia ( 3 /12bolt bpl t ) of 

the critical cross section of the base plate, respectively. 

 

To avoid local yielding at pinned joints or around the bolt holes of the base plate pinned 

joint, a sufficient end and edge distances (a) (see Figure A3.1) for the position of the bolt 

holes should be provided. As reference, Table 3.3 of Eurocode 3 (2005) gives the 

maximum and minimum spacing, end and edge distances for position of bolt holes. 

Alternatively, the design guidelines for pin-ended members provided by Eurocode 3 

(2005) (Table 3.9) may be applied to design the geometry requirements for the base plate 

pinned joints.  

It is important to highlight that in this study the elements of the assembly of connection 

plates were designed based on the device strengths tuned at LEDS. A high yield strength 

of 𝑓𝑦 = 410 MPa and ultimate tensile strength of 𝑓𝑢 =550 MPa specified for the steel grade 

S450 given in Table 3.1 in Eurocode 2 (2005)were chosen to design the elements of the 

assembly of connection plates. Furthermore a high yield strength bolt of 460 MPa was 

chosen as specified for the steel grade S450 and also given in the Table 3.1 Eurocode 3 

(2005). Figure A3.2 shows the C-devices incorporated in the connection region for 

upgraded structure 1 while Figure A3.3 shows details of the assembly of connection plates 

designed for upgraded structure 1. 

 

Figure 3.1. Base plate pinned joint 

 

 

Figure A3.1. 
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Figure 3.2. C-devices incorporated at the beam column joint region of the upgraded structure 1 

 

 

 

 

(a) Front view      (b) Side view 

Figure 3.3. Typical assembly of connection plates details for upgraded structures 1 (all 

dimensions in mm) 

 

Figure A3.2. 

Figure A3.3. 




